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A numerlcal procedure  for calculating the molecular
flow parameters from direct physical approach has been
developed. The procedure has the merits of being accurate
and flexible In comparison with the Iintegral equation
approach, yet It has the simplicity of Monte Carlo method.
In particular, the effects of subliming surface reflection,
channel  wall reflection and molecular collision in
cylindrical channels are taken into account in the
non=obstruction factor calculations., The same procedure is
extended to compute the mass and thrust non-obstruction
factors for conic channels., The resultant molecular
non-obstruction factors and the evaporation coefficients are
employed in the transient thermal analyses of an erecting
shell and a subliming microthruster proposed for orientation
and despinning of a small solar probe, Transient numerical
solutlions of zero to two dimension heat conduction equations
for both the non-linear and moving boundary conditions are
involved In the analyses. The geometry of a microthruster
utilizing the subliming material and radioisotopes s
optimized by the above numerical procedure, Alpha=~emitting
radiolsotopes, in addition to supplying the heat and thrust
for a microthruster, are found to improve the performance of
an erecting shell designed to damp out undesired
precessional motions by significantly increasing the optimum
spin rate. Flnally, the applications of the erecting  shell
and the subliming microthruster to the attitude control of
the MIT's Sunblazer appear very attractive 1in several
aspects, Thelr future roles 1in the attitude control of
small solar probes are discussed. in some detail,
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CHAPTER 1

SUMMARY

The present study was spurred by the fascination and
the challenge of designing a passive attitude control scheme
for small solar probes of the Sunblazer (1,3) type, The
performance of the solar cells employed for electric power
and of the antenna used for communicatlons can be Iimproved
If such small probes can be oriented and the desired
orientation maintained, The usual orlentation directs the
solar cells toward the sun and antenna toward the earth
during superior conjunction, to obtain maximum power and
antenna galn,

The problems of passive orlientation of solar probes
differ from that for passive earth satellites, since the
solar gravity gradient and the solar magnetic field are too
insignificant to be of practical use {in attitude control,
As a result, solar radiation becomes the only directional
energy source available for solar probes. The approximately
collimated solar radiation will induce an asymmetry of
temperature distribution around a spinning spacecraft.

The two principal objectives In this work were (1)
study the applications of radloisotopes and subliming
materfals to magnify the effect of this temperature
asymmetry so that the spacecraft can be forced to orient

toward the sun rapidly and relfably, and (2) the
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optimization analysis of a subliming microthruster for use
In the initlal despinning the spacecraft after injection and
in long term attitude control. Other required studies
related to these objectives were: (3) the application of a
modlified Monte Carlo technlique to Knudsen or molecular flow;
(4) the various numerical solutfons (involving from zero to
two dimensions) of the parabolic partial differential

equation for heat transfer with non-linear and moving

boundary conditions.

A spinning cylindrical shell under the solar radiation
will develop an asymmetric temperature distribution around
the shell as shown in Figure 1.1 due to the fact that the
solar intensity on the shell surface is not uniform=-rather
It is nearly a half=rectified sinusoid at any point on the
shell. The transient temperature solution can be
épproxﬁmateda depending on the problem, by lignoring the
circumferential heat conduction effect, or the radial heat
conduction effect, or by assuming no thermal conduction
effect at all, The results obtained indicated that for a
thin metallic shell, the zero=dimension, or Strip
Approximation, is as good as the &=dimension, or Thin Shell
Approximation, However, I[f thickness increases, the
smoothening effect due to the circumferential heat transfer
also Encreases° For such cases, the Thin Shell

Approximation Is recommended, For a non-conductive shell of
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ény sfignificant thickness, the Thick Shell, or r=dimension,
Approximation is needed to account for the significant
temperéture gradient across the shell thickness, For the
types of design Investigated, the Strip Approximation |is
suitable for a bare shell and radioisotope-heated shell, but
the Thick Shell Approximation is definﬁte]y required for a
subliming material coated shell, In addﬁtion to the above
transient numerfcal methods, first order analytic
épproximatﬁons to the quasi-steady state solutions were
kobtéinedo These analytic solutions have an inherent
uncertainty of about twenty-five percent, but they are very
useful for parametric analyslis, In particular for the
determlination of the optimum spin rate at which the
resultant force normal to the solar radiation is a maximum,
The steady state temperature distribution typlically
resembles a skew sinusoid whose maximum Jlags behind the
maximum solar intensity as shown 1In Figure 1,1, A net
thermal reradlative force results, which has a component
normal to the solar direction, This normal force compbnent
can be employed to erect the spacecraft, i.e., reduce the
precession cone angle., The optimum spin rate is obtained by
maximizing the following integral for the normal force with

respect to the spin rate
27 _
‘ 4.
Fy(w)= [[‘r(woe)] cos8de (1.1)
]

where T(w,8) is the steady state temperature distribution

for spin ratew, as shown computed for Figure 1.1 by the
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numerical method or by the following approximate analytic

expression,

T(w,8) 5T(W) ayy [ 1+4M()sIn(8+y(w))] (1,2)
The temperature distribution for any spin rate can be
éhérécterﬂzedvby three parameters, the average temperature
T&W)wg + the amplftude factor, M(w), and the phase lag,
W(ﬁ); Both the analytic and fhe numerical solutions to the
ébove optimlzation ha&e been obtained. The results are: (1)
for a bare thin shell, the optimum spin is about a few
tenths of a rpm (Whlch Is so s]ow.as to be marginal from
dynémics'poﬁnt of wview); (2) for a radioisotope-heated
shell, the optimum spln is about a few rpm (which 1{Is quite
feasible); (3) for a subliming coated shell, the optimum
spin Is»only a féw hundredths of a rpm (which is too low to
be operative). The corresponding maximum normal forces per
unit height of the shell are (1) 10_4' dyne/cm for a bare
shell; (2) about 20% higher for a heated shell; (3) in the
ordervof few hundred dyne/cm (note fhat even at 3 rpm, which
is well abgve”the optimum spln, the normal force for a
Qubllming shell s about 1 dyne/cm).
| The transient behavior of these devices have been
énalyzed‘in detail, The transient temperature @aximum,
mfnihum and bhase lag as well as the normal and parallel
f fqrces generated»ali_exhtblted damped oscillations such as
shown in Figures 1.2, 1.3, 1.4, 1.5 and 1.6, The transient
usually'las;ed no hqre than an hour ’pro?lded the atflfude

was flxed, However, during actual stabilization, the
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éttltude is changing, therefore, the temperature

distribution Is expected to be in transient constantly.

To optimize the performance of an erecting shell as a
péss!vé cohtrol syétem for a solar probe, it is neceséary to
bring ;be spacecraft to asoht the 6ptlmum sp{n }atéol
,However,b thé orfgina]v fast Vsplnning spacecraft cannot
rellébiy be despun fo the desired spin range by a Yo-Yo,
‘wh]ch ls é_s!mp]e device designed to absorb the spin angular
-momentum from the spagecréfta |

As a result, a sublim!ﬁg microthruster is proposed for
further despln, The” general ccnflgufétion is shown in
Figure 1.7, The sublimation heat‘ is supp}ied from
rédloisotobic heat generated by a thin coating of long=-lived
radiol sotope at the bottom of the cup and from a small
qohcentratlon of shorter-lived radioisotope mixed in with
ihepsubiimtng matértalq

The temperature distribution is very Important so that
the traqSIent'solutlon of a heat conduction equation Iis
necessary, The simplé cylindrical cup design was analyzed
by both explicit and the lmblicit difference schemes to
obtafh the transient temperature distribution. The results
agreed very well., However, because of the moving boundary
cnndltlon tdue to surface sublimation), the implicit method
apaearedﬂsuperlofo For a sophisticated design such as the'

chopped cone microthruster the detailed temperature
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distribution required solution of the two-dimension
trénslent heat flow equation, An ADI
(AIte;néte-Dlrect!on-lmplIctt) technique was employed, Due
to the non-rectangular geometry, thére was a numerlcal
Instability limltation, which however was not too serlous,
[g generé]; for a rather refined mesh net, a time step of
oﬁe second is quite stable.

Emphésls during the microthruster study was placed in
the optimization of perférmanéeo The total thrust comes
from the summation of normal momentum (mv+cos8) of all the
exit molecules per unit time, By varying the nozzle cone
éngle and fts length, the (cos®) factor can be approached
towérd unfty. The numerlical 'technlque developed for the
molecular flow study and mentioned in Section 1.8 was
édépted to analyze this problem. The results are shown In
Figures 1.8 and 1.9,

To improve performance further, the (m*v) factor offers
attractive possibilitles. If the nozzle wall Is heated
réd{oisotOpically, the average speed of the molecules and
hence the thrust can be Increased because the molecules
adsorbed Sy the wall will recelve the thermal energy from
the heated wall, This fact is shown In Filgure 1.10. In
_éddttlon, performance could In general improved by molecular
dlssaclatfon, but thls phenomenon was not taken into account
In this study because at the temperatures considered here

the dissoclation effect Is negligible.

19



A sub]lmétlon microthruster can produce thrusts of a
few hundred dynes, but its effective 1ife Is quite llmited,
/By provldlng a thin layer of alpha-emitting radlolsotope
coatlng to the bottom of the thruster cup, a long duratlon
thrust, of the order of tenth of a dyne, can be pro#lded

over the life of the radiolsotope.

Problems of molecular flow are Implicitly related to
the preseht'study throogh two dlmensionless quantfties (1)
.the evaporation coefflclent, whlch is the ratio of molecules
actually sublimed from a surface to the theoretlca] value,
and (2) the non-obstruction factor, which is the ratio of
rarefled gas (mass or momentum) flow rate through a walled
channel to the rate for the case no channel walls are
present. The classlcal épprOach of solving Clauslng’s
Integral equatlon (lﬂﬁll) has limited solutions to simple
channel geometries and idealized molecular behaviors,

In prlnclple, a straightforward Monte Carlo method
could be applied to thfs problem. However, in tracing the
hfstory of eachymolecqle, three or four random numbers are
roqured to determine Its orlentatjon as well as Its energy,
ond,depgndtng on hoth the channel geometry and the assumed
poss]ble Interactions, many more random numbers are needed.
I f ah adequate number of case histories Is to be consldered,
good accuracy is not obtalnable within practical computation

times ., fhe complexity Increases rapidly with increasing
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chénnel length. This difflculty is very similar but not as
complicated as calculation of the deep penetration of the
nuclear radiation through a thick shield.

To deal with the problem, the followlng modified Monte
4Carlo method was developed Molecules. entering a channel'
are assumed to flow from a finite number (a few hundred) of
point sources from whlch the molecules are emltted with:' a
Maxwelllan dlstrlbutlon° The total angular dlstrlbutlon
from each polnt source is divided into many groups each of
which Is characterlzed by a palar angle, an azimuthal angle,
andyan amplitude according to the distribution function
(note expected values are used)° The fate of every
molecular beam bundle Is followed and is recorded. Those
moleeules adsorbed by the channel wall vrequire further
treelng because at steady state they will be reemitted as
fast as they are adsorbed. A spherlcal\ cosine is assumed
for these reemitted rnolecules° Their fate 1Is found by
consldering the probabilities of the varfous fate of each
moleeulevreemltted from any positlon ln the channel.

The matheﬁatlcal varlance of this method 1Is not
,analyzed here, but in comparlson wlth results obtained by
other methods for two slmpllfled assumptions (18,17), this
method glves excellent agreement; see Tables 1,1 and 1.2,
The maln advantage of the new method lles Iin its flexibility
‘both to account for complex molecular interactions and
reflectlens from surfaces and to be adapted to channels of

non-uniform cross section,
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The results for the sublimation surface reflection
effect, the molecular collision effect, and the conic
chénneI effect 5re'shownvin Figures 1.11, 1.12 and 1.13.
Using these accurate channel obstruction effects, thei raw
idata from mass-flow experlments (15) can be interpreted to
produce accurate values for the evaporation coefficlentso
The result of a sample calculation is glven In Figure 1.1k,
_The evaporatton_coefflcient is essential in determining the
héét th‘ mass trénsfer on a system using a subliming

materlal such as the erecting shell and the microthruster,

As a,dynamlca] model a small solar probe such as
Sunbiézér Is analogous to a spinning top under gravity with
tﬁe exception that the solar pressure acts like a negative
grévity torque, Assuming the nutation or the wobble has
been taken care by’a viscous damber, the attitude control is
reduced to the problems of despin and precession damping°

Two palrs of microthruster cups lToaded with ,about one
pound of sgbllmjng materlal_could’despjn the spacecraft from
200 rpm to few fpm in less than a day. Howevér, if the
@jcrothruster Is used to supplement the action of a Yo-Yo,
the redu!remehi,for sublimlng\dmateriai is reduced to a
fféctlon,of élqpuﬁd; The long-term thrust from a coating of
élpha emltter at tﬁe béttom of the cup ié about a thousand
tjmes smalier than the thrust by’s.ubl‘imatior‘l,° Unles§ the

microthruster is mechanically turnable, the residual torque
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of_ébout,l dyne-cm will continue to change the spin rate,

As the rate of spin Is reduced tp}the optimum region,
the erecﬁlng1torque generated by an erecting cylindricatl
Vsﬁelllreéches a peak, For a_}sﬁel] coated with sublfming
ﬁﬁterl#j, éven atiihéynon-optimum spln of a few rpm, the
rgsdlgéﬁt erectlng'tqrqpe,is enough to erect the spacécrafg
ih,évfeﬁ hours° For'é,bare shell, at the optimum spin rate
(6;37,rpm)¢ the,eréctlng.period Is In the nelghbdrhood df
tﬁo‘weekso‘ Finally for the radiolsotope-heated shell; the
efécting'torque Is enly slightly Iérger thanvthat of a bare
shgll, bdt the optimum spin increases several foid, Since
the ratg of erection Is approximately proportional to the
ratio of erecting torque to spin rate, the erecting period
Increases to about flve weeks,

Other attitude control procedures, using an erecting
shell énd/or microthrusters, can be designed for small space
probes. They may be completely passfve, semlvpassive, or
even actlve sgch as by synchronizing the turning of the
microthrusters as the vehicle rotates so that a desirable

éveraged precession torque and erecting torque result.

(1) The asymmetric temperature distribution around a
cyl!ndrical shell 1Is very suitable for generation of
erecting torque to stablize solar probes, Since the
transient period Is short compared with the despin period

fql]owlng’exposure of the shell to the solar radiation, Iits
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effects were Ignored for the present study, In detailed
dynémlcs analysfs; the transient effect aiways exists durlng
the stabillzatlon period because the attitude of the
spacecraft is continuously changing.

(2) A subliming material coated shell 1is by far the
fastest erecting device but is also the most short-lived,
The radio!sotope~heafed shell 1Is capable of the least
erecting rate but it is long~-lived and can be operated at a
higher spin rate where disturbing torques are not likely to
dislodge its orientation.

(3) The numerical technique developed for the
non-obstruction factor calculations of molecular flow |is
very flexible, accurate, and can Iinclude complex physical
phenomena. It should also be applicable to the problem of
célculétlng neutron and gamma ray streaming through gaps or
beém-portso

(4) The modifled Monte Carlo technique seemed to be
very1approprlate forA analyzing the vapor flow for the
m]crothrustero The technique eliminates many unnecessary
complex mathematlics. The.result clearly pointed the Wa§s to
improve thé design of a microthruster. |

(5) The applications éf the above devices, with proper
fgedéback control mechanism, éan bé. ektended fb a wiﬁe
varlety of satellites. In particular, a palr vof
mlcrothrusters can‘préduceltcrques in all fhréé:body axes to

cohtrol the attltuﬁe of a 1ight spacecraft.
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FIG
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TRANSIENT MAXIMUM

FIG 1.2

TEMPERATURE OF BARE SHELL
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FIG 1.3

TRANSIENT MINIMUM
TEMPERATURE OF BARE SHELL

I

STRIP result

|

NSHELL result

[8)

[}

0

~

<

© £

“ O
¥4
S MmN
Mooo
™~ e o o
NOOO
N
° .
~34de

2

l
150 200 250 300 350
TIME t,sec

100

50

n
- 4
o~

240 |—

Mo

‘YN LYY IINIL

27

230 |—

NI

225



295} ANIL

0s¢ 00¢ 0s¢ 002 061

_ _ _ _

0°0= ¢

wo zo'0g=4<
o9s/ped ¢ 0=
SN ELT=CL

FIG 1.4 TRANSIENT PHASE
LAG OF BARE SHELL

3Lnsed TIIHSN X
11nsad4d 4 1yls

(=]
4

o
o

Bsp'p OV ASVHd

o
M

o
=

0s

28



FIG 1.5 TRANSIENT NORMAL FORCE

COMPONENT FOR BARE SHELL
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FIG 1.7 SCHEMATIC DIAGRAM OF
SUBLIMING - MICROTHRUSTERS
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FIG 1.8 OPTIMIZATION OF CONE ANGLES
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1.9

FIG
EXTRAPOLATION OF THROAT AREA
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FIG 111 SUBLIMING SURFACE
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FIG 1.12 MOLECULAR COLLISION EFFECT
ON NON-OBSTRUCTION FACTOR
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FIG 114
EXTRACTION OF EVAPORATION
COEFF FROM MASS FLOW DATA
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TABLE 1.1

NON-OBSTRUCTION FACTOR OF CYLINDRICAL TUBES
WITH REFLECTION COEFFICIENT EQUAL TO ZERO

L/R K=M K Q
(THIS WORK) (CLAUSING) (DEMARCUS)

0.5 0.80170 0,8013 0.80127
1,0 0.67192 0.6720 0.67198
1.5 0.58165 0.5810 0.58148
2.0 0.51486 0.5136 0.51423
3.0 0.41974 0.4205 0.42006
b.0 0.35619 0,3589 0.35658
5.0 0.31074 0.3146 0.31053
6.0 0.27823 0.2807 0.27547
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TABLE 1.2

NON-OBSTRUCTION FACTOR OF CYLINDRICAL TUBES
WITH REFLECTING WALLS BUT NON=-REFLECTING ENDS
For L/R=2.0

r Q K=M
( DEMARCUS) (THIS WORK)
0.0 0.51423 0.51486
0.2 0.58247 0.58237
0.4 0.65890 0.65651
0.6 0.74690 0,74163
0.8 0.85412 0.84483
1.0 1.00000 1.00000

K -- SEE REF. (16)
Q -- SEE REF, (17)
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CHAPTER 2

INTRODUCT I ON

The Sunblazer satellite glhzl, which Is being designed
andvdeyeloped at‘the Center for Space Research of. Mol T,
will be used to map the cnarged partlcle; density 1in the
vvlclnlty of the sun and study the solar corona and magnetlc
fleldo Thls small spacecraft is' to be powered by solar
\cells whlch supply an average power of about 20 watts of
electrlclty to a multl frequency pulsed~transmltter and
lother electronlcs° The transmltter Is designed to radlate
several pulsed slgnals slmultaneously which would arrlve at
’recelvers on Earth delayed ln tlme by different amounts due
‘to the dlsperslve nature of the lnterplanetary charged
partlcleso', |

An lmportant characterlstlc of thls spacecraft Is its
low welght so that lnexpenslve Scout rockets can be employed
_to lnject several probes lnto hellocentrlc orblts per year.
In dolng so,; systematlc measurements of 'corona, electron‘
'denslty fluctuatlons could be made° The success of the
:spacecraft depends upon :lts ablllty to orient ltself
’contlnuously to obtaln steady radlatlon to the solar cells,
for proper thermal control of the spacecraft and for maxlmwn
‘transmitter antenna galno, The payload limltatlon of the
,Scout-type rocket | precludes the posslblllty of uslng

conventional actlve attitude control devlces such as gas
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jets or reaction wheels which require active on-board
feednbeck contfol systemso‘ However | reliabiiity
»conslderetlons dictate a system with a mlnimum of moving
_parts (passive or semtwpasslve) whlle misston requirements
k‘call for a lightwelght system whlch has a relatlvely‘ fasf
response~tlme to shorten the perlod of stabillzatlon° The
urpose of thls work ls concerned with ‘the destgn of
suitable devlces of thls type and the related physical

problems°

By ;etrograde injection, l.e,, taunching the rocket
‘ dlrectlyl‘ opposlte to Earth's okbltal veloclty, the
jspacecraft will fall lnto a heliocentric orbit with its
_perlhellon less than 1 Au_(loeq,,Qnaan 1nferior orbit)p | A
vtyplcal Sunblazar, erb}tv in .an Aecllptjc prejectfon ;5
retatlng eﬁd sun-orlented coordlnates, such that 'the
Earth-Sun line stays flxed, is shown in Flgure 2 1, ,'The
. lnformatlon ebtalned at superlor conjunction is of greatest
, lnterest, and consequently the time to superior conjunctlon
.(occultatlon of spacecraft by the Sun) should be made as
shert as posslbleo Howevera the horter the superior

conjunctlon tlme er the mission t!me, the larger the booster
.requlrement aqd,;he c}qser the perihelion js to the sun,
;jﬁe,small,pectheilcn jn;?odugeseprebiems of both spacecraft

» thermal control and the solar-ceil degradation problems.
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The transm!sslcn of pulsed signals at  superior
conjunétton;is particularly important for determining ﬁhe
,electron'denslties tﬁ the solar corona. Unfortunately, a

qommunicatloh bfackout‘regjon gz@g), which is a function of
>;selér activity as well as the fransmlssion power, exists
heér occultation. In order to minimize the blackout periéd,
it is highly desiréble'to.pofnt the spacecraft directly at
sun so that during superior conjunction the solar cell panel
and antenna are facing the sun and earth, respectively,
which will cause both the electrical power and the antenna
galn towards the earth to reach a peak., The present study
s concerned with passive attitude control devices suitable
for this type of solar probe. The performance of the
proposed devices are discussed in Chapter 4 and Chapter 5,

Under direct Injection, the probe will assume a
superior orbit (with the apehelion greater than 1 AU),
Severval difficultles arise to affect the attitude control
directly or indirectly. Owing to the Iincreasing excess
velocity requirement for a superlor orbit injection, the
payload has to be kept small., On the other hand, because of
the lérger orbit and the 1longer mission time, the solar
Intensity decreases while the transmission power and the
,ortentétton” requirement Increase rapidly with distance,
Consequently conceptual dgsléns which depend upon solar
radlation for power generétion and orientation probably can
not be applied for superlqr orbit miss)cnso Some of the

possible solutions are discussed In Chapter 6.
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ﬂz;ﬁél General

For a splnfstabilized,spacecraft, the important dynamic
motions consist ‘of ~nutation, precession and spin,
Nutéflon, somét[mes referred~ to as,’ the force-f}ee
Btecessjonq }s fhat_motjon of a~spinnlng body which deviates
from gnlform’splﬁ(abouf a fixed axis in the absence of
dtsturﬁlng torqueso.Precession Is that motion of a spinning
body which results»from an external torque.

The‘prgsgnt study does not consider ’nutation damping
becéqse‘é_slmple, light weiéht, viscqus liquid damper such
'ésv;n énnulﬁs partially filled with mercury and mounted
éoncentr!cAwlth the spin axis, at' a point off the axial
cegterfof gravity can effectively dissipate the nutatjonal
enéré? (L), This 1is true only Iif the spacecraft Iis
splnnlng.éﬁou; fhé axfs of largest moment of inertia (%)
because the resulting conversion of kinetic energy into heat
through viscous damping must eventually}bring the body into
a 'mlnlmum-energy state.  (Note the terminal rotational
kinetlc energy is Télu)zlz8 Hzﬁalb where H 1is the constant
éngu}ér moméntum; for minimum T, the moment of 1inertia |
must be maximum), Unfortunately, this nutation damper |is
Inéapable of removing the precessional motion because
viscous damping usually generates no external torque to

change the angular momentum of the spacecraft.



Assuming the nutational motion can be rapidly damped
out by an énnulat, liquid damper, the attitude control
problem Is reduced to that of spin control and precession
damping.

A complete attitude control system must have the
cépébfllf& t¢ produce torques about all body axes of the
spécecréftg_ These are the spin torque, the precession (or
restoring) tofque, and the erecting (or precession damping)
tpéﬁﬁe; ‘The positive sense of each torque Is defined as

shown in Flgure 2,2,
2;5;2 Restoring vane

Félcovlt;‘gﬁ) has shown that a sgn-orb!ting spacecraft
can be designed to take advantage of solar pressure (i.e.
photon momentum) for attitide cohtrol by an ingenuous
%rréngement of Its external surface--in particular, by
corrugéting the optical coating on the surfaces of the
restoring vane or the solar sail for generation of torques
about all thrée body axes. Unfortunately, this technique
can not produce a large non-conservative erecting torque to
dissipate the kinetic energy stored in unwanted precessional
mode. Furthermore, the effectiveness of this technique will
be decreased by degradation of the surface radiation
properties of the coated material under long-term Intensive
solar radiatlion exposure, The latest Sunblazer design (3)
uses four stepping motors to rotate four big triangular

vanes [n order to control the resultant average torques
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about all;three body axes, The torques, which are time
varylng,ln each spin cycle, result fron the vane surface
reflectlon° The ‘dlsadvantages of this design are: (1)

necesslty,of“oeploylnz,four large vanes when In orbit; (2)
neo lndependent control on the magnitude of each torque; C(3)~w
the capability of attltude control depends on the proper
functlonlng of the stepping motors, and lu) out of phase
electrlc power requirement, l eo more‘ power ls needed to
ydrlve the motors when the solar cells produce \less than
nermal power° Nevertheless, a restorlng vane s deslrable
because of lts contrlbutlon to the lnherent stability of the
,spacecraft by positlonlng the center of pressure behlnd the
,center of massa The resultant torque wlll force the
,spacecraft to have a retrograde precesslon,,l eo, to precess

in a dlrectlon opposite the spln dlrectiono
2;3;3 Erecting shell

Conslderatlon of gyroscoplc action suggests that an
erecting torque can be generated only if there ls ‘a 'force
actlng on’ a splnnlng body normal to both the spln axls ‘and
'the axls of precesslon° A very clever passive devlce (1) ls
‘to slmply place a thermally absorptlve thln metalllc shell
‘ln front of the spacecrafto The approxlmately parallel
solar radlatlon wlll always lntroduce an asymmetry of
,temperature dlstrlbutlon around the cyllndrlcal »shellg~
_Fortunately, the resultant reradlatlon force has a normal

component to erect the spapecraft or to decrease ,the
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precession cone angle as shown in F!gure 2 3. In principle,
this passlve erecting torque should eventually damp out . the
precesslon and should orlent the spacecraft to polnteat the
sun dlrectlya However, because of the small orbltal angular
Velocity whlch Is always normal to the ecliptic, it 1is
lmposslble to allgn the spin axts with the sun axiso Hence,
even at equillbrlum, the spin axis will point above or below
the ecliptic plane .depending on the spin directiono
‘Typlcally, the equlllbr!um canted angle is of the order of a
'few degrees (2)0

,Theiserlous drawbacks of this simple deslign are: (1) In
order to mantmize the_radlatIVe erecting force, the shel]
” nas¥to be very thin and,the spacecraft has to be despun to a
ffew tenthsiof a rpm (18) (As»a.result of this sﬁal] spin,
tne spacecraft Is very vufnerab]e to minute disturbing
forces resulted from the meteorite Impacts, outégassing,
60ulomb and Lorentzlan Interactlons ); (2) The usefuj
rreradl atlve energy is only a small fraction of the absorbed
solar energy. Also, thermal reradtat!on is the most
lneffectlve method of extracting recoll force from 'a glven
.amount of energy to be radlated°

jn Chapter b, several conceptual techniques Involving

_the use of radlolsotone heating‘ and subliming materials,
;whlch are almed at Improvlng these shortcomlngs are prOposed
_and analyzed both analytlcally and numerlcally° The'
’analyttc approach is primarlly for studying the steady state

Jbehavlor ln a olosed formo The numerical approach Is to
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_[nvestlgéte_the transient and the steady state behaviors

accurately.
2.3.4 Despin microthruster

The residual spin lmmedlately after orbit injection by
,a Scout rocket is about 200 rem (3), whlch Is too high for
stablllzatlon»and perhaps for the proper functlonlng of
lnstruments° A simple mechanical devlce, the Yo-Yo, is 1iIn
theary capable of reductng the spin to any desirable Qa}ueo
z’lt canslsts of a small mass, m, on the end of a light cord
:wrapped around the spinning spacecrafto As soon as the mass
mis released,;lt\wﬁ]l unwlnd at a constant rate (5) and
Qf!l ébsorbfihe spin‘angular momen t um fro@ ‘the spacecraft,
After the cord s completely unwound (in a fraction of a
second), the mass m Is allowed to fly away 1leaving the
spécecraff spianing at Wsr which Is 1less than the initial
value @,, The length of the cord determines the final spin
and It Is given by (5)
N ===

W, +u3)c

where R Is the radius of the spin body
1 Is the moment of Inertia In the spin axis

However, for a given cord, the final spin can be known only
about as accurately as the 1Initial spin 1Is known,
Unfortunately, due to thg builid=-up of nutatlion during
vehlcle deployment, the Yo~Yo can be safely designed to
despin the spacecraft only to about one tenth of Its iInitial

spin., Hence, further despin Is required. In Chapter 5, use
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of a subllmétion microthruster to accomplish the deslired
rqslduél despin Is proposed and Its performance analyzed,
The performance of the microthruster is optimized with
respect to several éertlnent variables, The transient
so]ut}éns of the,tempefé;ure dtstributipn(in‘ the subliming
:méter(éi éré,giﬁgn foy‘sgfh gylindrlcaf cup and choppedﬁéone
designs. Radlolsptopes are proposed to supply the necessary
heat to the sublimation process and to generate low thrust
«by,expulsjon_of_alpha partlcies so that the microthruster Is

capable of the short-term fast despin as well as the

long-term fine spin control.,

,z;u;1 Evaporation coefficient

The evaporation coefficient is the ratio of the actual
to theoretical sublimation rates. Experimental values vary
significantly between different Investigators (9,10,11).
Many theorles have been proposed to explain this phenomenon
(Q,}Z,1§¢1&)o Burrows attributed the cause to the molecular
collision (12). Littlewood and Rideal blamed the
discrepancies on the inaccurate thermal measurements (l4).
Some even went so far to suspect the lrregularity of crystal
surface as the main cause (ll). Since the evaporation
coefficlentvhas a very Important bearing on the design of
sublimatlion devices, the theory of evaporation coeffiétent
and a numerical calculatlon technlque are discussed in the

second half of Chapter-3’°
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‘z;u;z; Molecular flow

Sublimation usually takes place only at such a 1low
pressures; consequently the vapor molecules have a mean free
path comparable or even greaier than the characteristic
cﬁénnei dimenslion., The impedance to the molecular flow
through a channel Is very Iimportant for proper determination‘
of the evaporatlonvcoefficlent from experlmenxa] data (l13)
ss, well as for the design analysis of a sublimation
-ﬁlcrcthruster, This flow i@pedancc’effsct Is accounted for.
by,dlmenslonless,quantlties ‘such as .the Clausing Factor
(;5), Transmission Probabllity (17) and In this Work, the
Ncn?obstructlon Factoro These fsCtors all represent the
-rstio of thé outlet’to Inlet mass flow rates through a
ChSnsel CIauslng (lﬁ), based on geometric consideratlcn,
predtcted results for a .very simple cylindrical fcase of
‘collisionless gas in a;adsorptlve channel, ,peMarcusv (12)
épblled severalv'advanced numerical techniques to solQe
Clauslng s lntegral equatlon accurately _and excended the
resu]ts to Include the effect of part!al specular reflectlon
of‘the channelo However, the lntegral equation approach |Is
qulte dlfflcult to apply to a conical channel and to use In
accountlng for compllcated processes such as molecular‘
,colllslon and subllmatlon surface reflection, A modlfied,
Monte Carlo technique was develsped in this study and is
reported ln Chapters 3 and 5, to simulate the rarefied} gas
flow through both the cylindrlcal and the conical channelse

Because cf the directness of thls approach, the methed can
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include various gas-gas and gas-surface Interactions as well
%s,thgugffectg qu the angular distribution of the exit

molecules on the net thrust,

51



FIG 21 RELATIVE MOTION OF SOLAR
PROBE
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FIG 22 DIAGRAM OF TORQUES
ON SPACECRAFT
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FIG 23 RERADIATIVE TORQUES
ON ERECTING SHELL
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CHAPTER 3
SUBLIMATION AND RAREFIED GAS FLOW PARAMETERS

The application of subliming materials is suggested 1in
thls study both as a means of Iimproving the erecting
cépébl]ltles of a spinning shell and as the fuel for a
microthruster system for despinning and/or stabllizing small
solar probes. In the microthruster the subliming material
would vaporize In a cup and flow out of the cup to produce
thrust, The net amount of materfal sublimed and Its rate of
flow from the cup are influenced (i.e., obstructed) by
adsorption and reflection on the cup walls and on the
surféce of subliming materfal as well as by molecular
collision between vaporized molecules, Furthermore the
results of experiments conducted to determine the intrinsic
rates of sublimation of varlous materials are also affected,
to varlous degrees, by the same phenomena.

Consequently methods for predicting the effects of such
Yobstructing" phenomena are developed and discussed In this
Chapter. These methods will be employed In evaluating
avallable experimental data on sublimating rates and In the
application of these evaluated experimental results to the

design of the stabillizing devices discussed in this report,
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3.2,1 Introduction

The phenomena which affect the rate of flow of
vaporized materlal out of a microthruster cup are:
adsorption on the walls; specular and diffuse reflection
from the walls and the surface of the subliming material at
the bottom of the cup; and collisions between the vaportized
molecules themselves. Since the quantities of interest are
éhe rate of materlal actually 1leaving the cup and the
resultant thrust, the effects of the phenomena mentioned
will be evaluated in terms of "non-obstruction factors",
The collective effect of the above physical phenomena on
non-obstruction factors, will be referred to as the
Molecular Non-obstruction Factor, by which the actual rate
of vaporization from the surface of the subliming material
can be multipiied to obtaln the rate of flow from the exit
of the microthruster cup, and as the Thrust Non-obstruction
Factor (or Thrust Factor) which relates the actual thrust
produced to the thrust of the molecules as they Jleave the

subl Iming surface.
3.2,2 Vapor=-wall collision effects

In a free molecular flow regime, the mean free path of
the gas molecule Is so large that 1intermolecular collision
can be neglected. The rate of flow through a tube s

1imited by collision of molecules with the wall alone. The
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manner of attacking this problem of flow was first suggested
by Knudsen (19) whose method was to equate the rate of
momentum transfer to the tube wall by molecular Iimpacts to
the difference in the pressure forces at the ends, Due to
his erroneous assumption of the Maxwellian distribution for
molecules in the channel In calculating the momentum, the
free molecular flow equation Is valid only for 1long tubes
(proven mathematlically by DeMarcus (17)). For short tubes,
the end effect becomes domlinant. Dushman's formula (18)
‘takes this 1Into account by adding the flow resistance
through an orlfice to Knudsen's long-tube flow formula (19),
5nélogous to the electric resistance Iin series. The
resultaqt formula Is simple, but it 1Is only approximately
cafrect because flow reslstance does not behave exactly as
the electrical reslistance.

Reallizing the geometric nature of molecular flow,
Clausing (16) derived a linear iIntegral equation to express
the surface collislion density function for a cylindrical

tube,

L

VoO=, (s Ky, Ve dy (30

where the quantlty'W(x)dx Is the total surface collision
denslity on the wall between length x and x+dx in unit of
radlus, V,(x)dx is the contribution due to particles coming
dlrectly (experiencing no previous surface collislion) from
the inlet and y Is the dummy variable. The kernel K(y,x) is

the probability of particles exchange between two
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differentlal surface areas on the wall of the tube (similar
to the view factor In thermal radiation calculations), The

desired normalized particle transport rate J is (17)

L
JgJS*JKW(X)P(X,L)dX (32)
Js 8(”#/2)[le(xzﬂs)'/‘-o-(x‘n;)vz/ﬂ'-zxj (33)

The kernel P(x,L) Is the probablility that a moclecule which
collides with the wall between x and x+dx will leave the
tube via the exlit at x=L without further surface collisions.

For ease of obtaining an analytical expression for
K(y,x) and P(x,L), Clausing assumed perfect surface
édsorptlon (l.e., no specular reflection) and Infinite mean
free path. The quantity J, Is the fraction of molecules
streéming through the flow channel directly without
suffering any surface collislons at all, Clausing obtained
accurate tabulated results (16), commonly known as Clausing
féctors, as a function of the length to radlus ratio without
the help of modern computing facllities by using asymptotlic
power serles expansions. The Clausing factor is defined as
the ratlio of the rate at which gas leaves the outlet of a
tube to that at which gas enters the inlet, in the absence
of specular reflection,

In 1955, DeMarcus (17) Investigated the molecular flow
problem rigorously by starting mathematical formulation from
the Boltzman equation. Although he obtained essentlally the
same Integral equation, he used different numerical

approaches ('squeezing', ’sclssoring’ and varlational
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technlques) to so)vé this equation. According to DeMarcus,
the yér)étianai'resuit glves thé Qpper limit for the flow
ccndhetanceo He compared his results with Clausing's for
the.cése“ofkno specular reflection and concluded that the
Jtébuléted Clausing Factors are slléhtly in error because the
Clausing Factors are in general somewhat higher than vthese
of DeMércus,~esbéclally for long tubes,

The main drawback of the Integral equation method is
thét‘the formulation of the probability kernels becomes
Ingreés!ngly difficult for non-uniform cross-section
chénnels‘éndlor for molecular flow systems with finite mean
free paths, The method to be discussed adopts the Monte
Carlo type of approach where the actual physical processes
are simulated In detail in the form of algorithm for digital

computer calculation.
30203 Description of numerical approach (TUBNOF)

The general description of the method proposed for use
in  this study foﬁowso For a channel of arbitrary
cross-section and length, as shown in Figure 3.1, the Iinlet
fs connected to a flat subliming material surface- and the
outlet Is connected to a vacuum, (If the back-pressure is
ﬁot zero, the problem can be divided Into two parts and
superposition applled to get the net transport.) The inlet
gas |s assumed to be Maxwellian and the inlet area is
divided Into many small pieces, each of which is considered

as a point source. Knowing the angular probability
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distribution (spherical cosine) for molecules leaving from a
polint source, the probabllity distribution function can be
‘dlylded,lnto differential cones as shown schemétically in
Figure 3.2, The fate of the particles contained in the cone
(Where do they hit the wall? How many? Are they adsorbed or
.refleéted?) Is determined by the space curve of the
Intersection of the cone surface with the channel surface
and the averaged surface reflection coefficient, The
chhnnel Is divided into ring segments so that number of
Dértlcles Impinging on each ring segment can be calculated
from the fraction of space curve Intersected by each ring
segment, The surface adsorption density due to only the
undisturbed inlet particles as a function of down-stream
d[sténce can be obtained by summing up the contributions of
atl the differential cones from a point source and then all
the point sources in the Iinlet cross-sectional area. At
steédy state, ghé rate of adsorption will balance out the
rate of reemission. Assuming a khown angular distribution
(spherical cosine at the same temperature as the subliming
surface), the probability for an adsorbed particle at x+dx
distance downstream to get out of the exit can be computed
by keeping track of this particle until it either leaves the
channel or is adscrbgd by the channel wall. Doing the same
for all ring segments, an ‘'escape' probablility table s
constructed which Is equivalent to the Clausing's P(x,L)
kernel, With the surface adsorption density and the

'escape° probability table so computed, the molecular
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non-obstruction factor (also referred as Clausing factor or
trénsmlSslcn probability) Is obtal ned by numerfical
fntggrétlon_over the length of the channel, The computer
program (TUBNOF) listing with brief description is Included
in Appendices K.1 and P.8, The applications of this
chputer code to account for varlous molecular behaviors in

the flow channel are given below.
,3,2;h CEIculétlons of wall adsorption effect

The power of the method developed here 1lies 1In its
flexibillty., The method can be employed in the
cbnsiderétlon of realistic physical phenomenon such as
Incident energy and angle dependences of gas-surface
Interactlon cross sections as well as to solve for the flow
In complex geometric channels, In addition to a few special
cases of Interest In the present study. To test the
validity of the method, the first step was to check results
COmppted by TUBNOF against those of Clausing and DeMarcus
for‘the case of cylindrical channel, perfectly adsorptive
sufféce, and iInfinite molecular mean free path, The
tabulated results are given in Table 5.1, The agreement
with Clausing®s and DeMarcus's results 1Is within 1%,
Consequently, the method Is believed to be sound. TUBNOF
Is capable of much higher accuracy than this, but a
signlficant Increase In computer execution time would be

necessary,
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3;205 Calculatlions of channel-wall reflection effect

The general theory'for gas-surface interaction is still
not well defined. However, drawling analogy from neutron
élbedo dat;‘and from some recent gas-surface experiments
(Zﬁ), the reflection (specular and diffuse) coefficlient for
sublimed molecules should be a function of Incident energy
kénd angle as well as surface properties and temperature,
The effect of finite reflection on molecular flow is to
Increase the non-obstruction factor, i.e., to reduce the
flow reslistance. By using a welghted average specular
reftection coefficient, the computer program TUBNOF can
allow for the specular reflection effect such that whenever
a beém-bundle (a group of molecules heading Iin a direction
of ¢+dd and 8+d® from a point source) hits the wall, the
fréctlbn that 1Is reflected specularly will be traced
continuously until Its Intensity becomes negligible due to
multlpie speéular reflections or It leaves the channel. For
a glven channel length, the non-obstruction factor, Ky ,
Iincreases almost linearly with specular reflection
coefflicient, r, as shown In Figure 3.3,

A good linear analytical fit to the TUBNOF curve of

Figure 3.3 for a slightly reflective channel wall is
Km(L/R)=K(L/R)(1,0-F)+r (3.4)

where K(L/R) is the non-obstruction factor
for r=0 (i.e., K(L/R)=the Clausing Factor)
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The result agrees very well with that of DeMarcus as
shown in Table 3.2, which suggests that Smoluchowski's
correction (Aﬁ)

KsCL/R)=K(L/R)*(1,04r)/(1,0-r) (3.5)
Is not éppllcable for general use as shown 1In Flgure 3.4,
In fact, Smoluchowski®s correction factor for specular
reflection is only approximately correct for very long tubes

Snd for very small specular reflection coefficients.
3;266'Calculatlons of sublimling surface reflection effect

For the case where the inlet molecular source is an
equilibrium gas reservoir, the molecules heading back toward
the source from the channel will be absorbed 1in the
reservoir, l.e,, the source appears to be black to any
molecules returning from reemission or molecular collision,
However, when the source is a solid subliming surface at the
channel Inltet, the solid subliming surface will reflect a
fraction (1-0) of the returning molecules, where X is the
evaporation or condensation coefficlient (9). For a
colllsionless molecular flow, the fraction returning to the
surface is 1=K, Of this fraction 1-0 will be reflected back
into the channel with a probability of leaving the channel
through the exit of K. This effect will be compounded and
if the sum of the resulting Infinite series 1is considered,
the sublimation surface reflection should increase the

non~-ebstruction to
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K¥=K/(1-(1-K) (1-®)) 36)
where K' Is the approximate non-obstruction factor Including
the source reflection effect. Consequently, this surface
reflection effect Increases wigh,f]aw,changg] length (since
K decrééses_wlth length) and shouid Se_taken inté account In
the calculation nbnfobséructi@n,factors, |

TUBNOF therefore Includes this effect. The (1-¢)
fréctlon»of the returnlng_holecules is assumed specularly
feflectea from the subliming surface with an angular
direction and Intensity which Vére computed after each
reflection. The fate of this molecular beam 1Is accounted
Pproperly so that no particles will be tallied more than
once, The result of a sample calculation is shown In Figure
‘3;5; The results of Equation (3.6) agree well with the
'exéc;' computer result,

Through the use of two experlments, it may be possible
to detefmlne 1f finlte specular reflection of vapor
molecules from the subliming materials leads to non-uﬁlty
eVéporétlon coefficlents and to determlne the magnitude of
the evébpratlon coefflicient, The experimental technlique
proposed follows, A large equllibrlum reservoir with Iits
[ntefﬂal surface coated with subliming material, with a tube
penétratlng the reservolr wall, Is used to measure the mass
flow rate ana the non-obstructlion factor K;, fhen the same
tube Is connected to a subliming surface at the same
temperature as the reservolir and the flow channel length s

maintained constant so that a new non-obstruction factor K;
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can be measured, By using the ratlo K:/K,a large portion of
the experimental uncertalnty should cancel., The evaporation
Ycoefflclent can be obtained from the curve in Figure 3.6
which was calculated using TUBNOF or from the approximate

expresslion (derived from Equation (3.6))
CX=1+(K./K2°1)/(1-K|) (3.7

wbl;h ls,élmost 1inear as shown in Figure 3,6,

3.2,7 Calculations of molecular collision effect

In the previous sections, molecules are assumed to
interact with the surface only, since the mean free path is
much larger than the characteristic dimension of the flow
channel, Thls condition does not exist In the present study
because the sublimation vapor pressure in the temperature
range of Interest (in the nelghborhood of 280°K) has a mean
free path comparable with the channel dimension. Burrows
made an estimate of the Intermolecular collision effect
which surprisingly was very significant. Burrows in his
péper (12) tried to attribute the cause of the existence of
evaporatlion coefficient to the molecular collision, It

should be noted that Burrows®' evaporation coefficlent

2 _ 44 a - tta
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where

K==tube Clausing factor

a--tube radilus

1=-~tube length

Ar-equilibrium vapor mean free path

n--effective mean free path
Is different from the the cqnventional evaporation
coefflclent by just the Clausing factor. In other words{
the qUént]ty in the square bracket which accounts for the
moleculér collislon effect Is Burrows® estimate of the
cpnventlonél evaporation coefficlent, Burrows®' explanation
‘éppeé(s lncénclus]ve based on the experimental results of
Sherwood ahd dohanhes (1&) whose sophlsticated experimental
setup should minimize the molecular collision effect,
Nevertheless, the effect of molecular collision should not
be ighored.

A numerical scheme was developed to estimate the
molecular collislon effect so that the evaporation
coefficient can be evaluated from the experimental data.
The first step Is to calculate the molecular density and
flux (track length density) as a function of radial and
axial distances (see Appendix G for detalled description),
Only the contrlbutions from the subliming source and diffuse
reflection from the wall surfaces are considered. For the
cases of Interest In this study, the effects of specular
reflection and molecular collision on density and flux are
small and are therefore neglected for the sake of
simplicity. Due to the lack of knowledge on the dynamics of

molecular collision, the direction of motion after a

collision Is assumed random. One further assumption is
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requlred for the molecular Interaction cross section which
Is related tcvthe effective diameter of sublimed molecule.
Mény weli-known techniques (18,26,31,46) of extracting
molecular size from viscosity, critical temperature and
pressure and diffusion coefficient measurements are
avallable In the 1literature.  Additionally, different
assumed molecular force fields will also yield different
expresslions for the molecular diameter. Since the viscosity
data Is ﬁost readily avallable, it is used as a basis for
molecular cross sectlon calculation, The effect of
molecular collision on the gas flow Is computed In the
followlng manner,

The collislon density as a function of radial and axial
distances Is calculated from the result of density, flux and
molecular cross sections. The solid angles subtended at
each differentlal volume by the Inlet and exit determine the
ftactlons of the collided molecules in the channel heading
back and streaming out respectively. However, in the
process of headlng back or streaming out, the probability of
further collislons Is governed by an exponential function
exp(=S/A), where S Is the distance travelled in a particular
directlon'and N is the average mean free path in this
directlion., The concept here is analogous to the neutron
diffuslon calculatlion In a source free medium. Since a
fraction of the molecules collided was originally streaming
toward the exlt, the net effect Is the difference between

the fraction heading outward befare and after collisions in
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each differential volume. The molecular density at each
posttlanIs compuied, but the angﬁlar distribution 1is not
known; In particular, the fraction of the molecules heading
ouﬁjts,net readily obtained. This fraction 'fs assumed 1In
the jqodlng of TUBNOF to fncrease linearly with axial
dlsténce énd Is constant In radial direction, The rest of

the molecules after collislon are adsorbed by the channel
wall In a ratio proportional to the solid angles subtended
at the collislon point by each of the channel ring segments.
The calculated result for the molecular collision effect are
shown In Figure 3.7, Evidently, the molecular collision
greatly Increases the flow impedance.

Also, slnce the molecular collision density |is
proportional to the squafe of partlicle density, at low
sublimation temperature or at low vapor pressure the
collislon effect should be negligible, The computed result
Is shown In Figure 3.8,

In passing It should be polnted out that Burrows®
expression, Equation (3.7) probably overestimates the
molecular collision effect, because based on Rossmann and
Yarwood's experimental data (12), Burrows® corrected
evaporation coefficlents for mercury In many cases were

greater than unity (which Is not reallstic).
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3.3,1 Introduction

In principle, all material will sublime from a solid
Dhése to a gaseous phase bypassing 1liquefaction, if the
tréns!tton occurs below the triple point. The theoretical
derivation of the expression for sublimation rate was
developed by Hertz, Knudsen, and Langmulr (19). The ratio
of the experimental to theoretical sublimation rate is
commonly known as the evaporation coefficient, The
ev%porétian coeffliclent, which s lnvélved directl& in
 c§lculatlng the heat and mass transfer rates for the
subliming microthruster and erecting shell discussed In this
study, Is therefore an experimental correction factor for
thé Hertz-Kundsen-Langmulr equation (19).

Since the expefimgntal subliming rate Is always less
thén pr}equai ;o:theAtheoretlcal rate (9), many scientists
,héd_éttempted to give a satisfactory explanation, One
expléﬁétlen‘has been that the theory is In error by assuming
thét all colllslons with a surface result in condeﬁsatlon
(the theory assumes that the rates of sublimation and
condensatlion in a system at equilibrium are equal and ‘that
the ra;e of condensation can be equated te the rate of
collislon on the surface calculated from the known vapor
propertles). There is also the probability of experimental
.errérso Littlewocod and Rldeal (1#) went so far to claim

that evaporation coefflcienf should be unity if the thermal
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meésurement is performed properly. Burrows (12) implied in
his péper that material really sublimed at thé theoretical
rate, while In actual experiments molecular collisions
chqsed the reduction in the subliming rate. Their

éssertiphs can not be supported by the recent experimental
evidences of Paul and Lyon (l5) as well as Sherwood and
Joﬁénnes (190) .whqse experiments minimized the molecular
collision effect and the temperature measurement error. The
concept éf equating the evaporation coefficient to the
cgndensétlon coefficient has been rejected In the past,
However, Paul and Lyon’s recoll pressure experiment gave a
favorable support of this concept because the result (based
on Mliescher's (2)’derlvatlon) agreed well with that of mass
flow. Howeier, it appears that Miesher's derivation
requires further refinement which is given in the following

section,
3.3,2 Evaporation dependence on reflection

The detailed theory of gas surface interaction Is still
not well understgad, However, the lnteraétions of vapor
molecules and thelr parent solid generally consist of
diffuse and specular reflections and condensation, The
condensation process can be understood as a delayed
reemisslon because molecules condensed will evaporate
diffusely at a later time and this process is different from
the prompt diffuse reflection whtch’accompanles the specular

reflection., In experiment, the prompt diffuse reflection
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énd;delayed reemission are difficult to separate. However,
In the following derivation ofuthe mathematical dependence
of evaporatlien coefficients on the reflection (diffuse and
speculér) coefficients, the reflectlgn coefficients as
functions of surface temperature, incident angle and speed
are assumed known. Also the vapor and solid are assumed to
be at thermal equilibrium so that surface ceciing or surface
he;tlng effects are avolded. Let the total reflection

coefficient of the vapor molecules on the subliming solid be

r(e,v,T)=5(8,v,T)+ s(o,v,T) 3.9
where &(9,v,T) Is the diffuse reflection
s(8,v,T) Is the specular reflection
@ is the incident angle

v Is the inclident speed
T Is the surface temperature

The fraction of the molecules which do not reflect are
assumed condensed and Is given by 1-r(8,v,T). Since at
kinetic equilibrium, the fraction condensed would be exactly
equél to the fraction evaporated, the total number of the
molecules evaporated from a unit surface exposed to vacuum
Is glven by the Integral

) /e

G=m/| db wd\r[1 -~ F(B,U»T)] £(6,v) (3.10)

B=0 V=0

where f(8,v)dvd8=1/2*vdn, sinbcoséd® Is the number
of molecules per unilt time leaving a unlt surface
with speed v and making angle with the normal
between 8 and do. For Maxwellian distribution,
the number of molecules per unit volume with speed
between v and v+dv, dn, Is

dn, = %(gk‘r/m)‘s’ 02 EXP(-mv¥/2kT)di (31)
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The  theoretical mass evaporation rate or

Hertz-Knudsen-Langmuir equation Is

Ulz 0
Gm = mfo dBL dv £ (6,v)

= B/C2wRT)"

[/
= 00583 R(M/T)"*
where n Is molecular density
~ m Is the molecular mass
A is average speed
R- is vapor pressure in mm of Hg
M 1s molecular welght
T Is vapor temperature in’‘K
R Is gas constant per unit mass

The evéporatlon coefficlent U Is then

7 ]
- rece.y T Few
6 fod%dj[z rce.v; 7
G jo czléfowf(é,u)c/v‘

In special case, when diffuse reflection is zero,

evéporation coefficient Is just 1-s(8,v,T),
3;3,3 Ratlo of recoll pressure to vapor pressure

At thermodynamlcal equilibrium, the vapor pressure
‘the total force acting on the subliming surface) due to
gas-surface Interactions, consists of four components,
P, =R +B +P +R
where subscript v----vapor
e-~-=-evaporation
d-=--=diffuse reflection
s==-=~specular reflection
c-=-=condensation

At equilibrium, the molecular condensation rate

equal to the evaporation rate, so Pe is equal to P.,
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However, In vacuum, no particles will return to the
subliming surface (assuming molecular Interaction is
negligible); therefore the force acting on the surface is
due to P. alone. Under thls circumstance, P Is the recoil
pressure which Is a physical property of the subliming
surface temperature and Is Independent of the equilibrium
condition or the amb{ent pressure, The expression of P in

~terms of P, Is derived in Appendix E.

B FBFTIVCo5T (3.15
s, = PBYT)VCoS 3.15)

S(B,YT)— N(8,y; T)Veoass +S(BvTIVCose

F%=:F&’ 2. R
2,
G 2Gm

The barred quantitles are the Maxwellian distribution
wetghted averages and G, is the maximum mass flux as defined
In Equation (3,12), If there is no diffuse reflection, the

expression becomes,

3. 16
R=%p -G 3(6uT) TS (516

Furthermore, If the specular reflection 1is Independent of
incident angle and energy, the expression reduces to (using

Equation (3.13))
RJ/R =4 (1 =5(T) = o/2 (51T

This Is the expression on which Paul and Lyon (1l3) based in
;helr recoll pressure experiment, The validity of their
result,ls'dependent upon the condition that the diffuse
refléctlan Is negligible and the specular reflection Iis
independent of angle and energy. Consequently, the P. /P

ratlo from Equation (3.15) 1Is a function of surface
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temperéture, but, In general, Is not a simple function of

the evhporation coefficlient as glven by Equation (3.17).

3;u°1 Introduction

Precise calculation of the evaporation coefficlent from
experlmental data Is a very difficult task. Experimentally,
 5ccuréte subliming surface temperature measurement has
plégued'researchers for years. Paul, Lyon (15) and others
(9) had developed Ingeneous surface temperature measurement
techniques. However, in computing evaporation coefficient
from mass-flow experimental data, they generally neglected
the sés-gés and gas~surface interaction effects on the mass
flow rate, which are quite significant as Indlicated in
Sectlon 3,2, In the following sections, two possible
techniques for accurate calculation of evaporation

coefflclents from experimental data are discussed.
3;u,2 Extraction from mass-flow data

In mass-flow experiments such as described by Paul and
Lyon (13), both the surface temperature and mass filow
channel length are a function of time. These two time
variables as well as the gas-surface interaction effect have
to be taken Into account properly before precise evaporatlion
coefficlents can be obtained. The experimental quantitles
avallable arp}the,sufféce}témpérature and surface position

‘as a function of timé° The mass flow rate G(t) is

74



G(t) = Cdx/dt (3.18)

énd,the evaporation coefficient Ol(t) is

G - ol X/dt ~
= T4 Yo “'y@,,,(t)Kct) (3-19)

Where f is the density
drMdtis the rate of surface regression
Ga(t) Is the maximum mass flow rate
K(t) Is the non-obstruction factor

The evaporation coefficlient as a function of time and
hence a function of temperature was calculated, Using Paul
and Lyon's experimental data (apparent evaporation
coefficient) for naphthalene, the results are shown Iin
Flgure 3.9 for four cases in which the experimental data
(bottom curve) were corrected fors (1) wall adsorption.
effect only or exact Clausing factor correction; (2) wall
adsorptlon and subliming surface reflection effect; (3)
correction (2) plus finlte wall reflection effect (r=0.1);
and (4) correction (3) plus the molecular collision effect,
Since the higher the non-obstruction factor, the 1lower the
corrected evaporation coefficlent, it is quite evident that
Clausing factor correctlon (1) is not adequate to describe
molecular flow accurately. The effects of the subliming
surface and channel wall reflections increase the
non-obstruction factor and hence decrease the corrected
evaporation coefficlent, as shown in Curves 2 and 3. The
molecular collision effect as Indicated by Curve L s

responsible for further increase of the corrected

evaporation coefficient., Even so the result is lower than
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the experimental values of Sherwood and Johannes (10) which
indicates there may be a residual underestimation of the

molecular collision effect In the present study.
3;h°3 Extraction from recoil=pressure data

One of the objectives of Paul and Lyon (13) was to take
édvéntége of.the simple relation of Equation (3.17) to
calculate evaporation coefficients.

in Section 3.5,3, the ratio of recoil pressure to vapor
pressure was shown to be a complicated function of
temperature as given in Equation (3.15). This ratio, in
general, is not equal to the half of the evaporation
coefficients as gliven by Equation (3.17). Consequently, the
recoil pressure method described by Paul and Lyon could give
erroneous results. Their recoll pressure results did show
some discrepancies, It is tentatively concluded that the
recoll pressure experiment is not suitable for extraction of
evaporation coefficlents for the  present study.
ﬂevertheless, thelr experlimental technique 1is very useful
for determination of the thrust non-obstruction factor which
resembles the mass non-obstruction factor In many ways. The
thrust non-obstruction factor will be discussed in some

detall in Chapter 5.
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FIG 3.1 SCHEMATIC OF MOLECULAR
FLOW CHANNEL
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FIG 3.3 REFLECTION COEFFICIENT
EFFECT ON NON-OBSTRUCTION FACTOR
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FIG 34 COMPARISON WITH SMOLUCHOWSKI'S
RESULT ON SPECULAR REFLECTION EFFECT
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FIG 3.5 SUBLIMING SURFACE
REFLECTION EFFECT
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FIG 3.6 CURVE FOR INTERPOLATION
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FIG 3.7 MOLECULAR COLLISION EFFECT
ON NON-OBSTRUCTION FACTOR
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FIG 39
EXTRACTION OF EVAPORATION
COEFF FROM MASS FLOW DATA
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TABLE 3.1

NON=OBSTRUCTION FACTOR OF CYLINDRICAL TUBES
WITH REFLECTION COEFFICIENT EQUAL TO ZERO

L/R K=M K Q
(THIS WORK) (CLAUS ING) (DEMARCUS)
0.5 0.80170 0.8013 0,80127
1.0 0.67192 0.6720 0,67198
1.5 0.58165 0.5810 0.581438
2,0 0.51486 0.5136 0.51425
3,0 0.41974 0,4205 0.42006
k.0 0.35619 0.5589 0.35658
5.0 0.31074 0.3146 0.31053
6.0 0.27823 0,2807 0.27547
TABLE 3.2

NON=OBSTRUCTION FACTOR OF CYLINDRICAL TUBES
WITH REFLECTING WALLS BUT NON-REFLECTING ENDS
FOR L/R=2.0

r Q K=M
( DEMARCUS) (THIS WORK)

0.0 0.51423 0.51L486
0.2 0.58247 0.58237
0.4 0.65890 0.65651
0.6 0.74690 0,74163
0.8 0.85412 0.84483
1.0 1.00000 1.00000

K == SEE REF. (16)

Q == SEE REF. (17)
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CHAPTER &L

TRANSIENT THERMAL ANALYS!S OF ERECTING SHELL

The surface temperature of a cylindrical shell such as

an erecting shell attached in front of a spinning solar

probe will In

distribution around the shell, It

tempera ture distribution

énd (or) subliming force

general

energy., To
function of

equation of

analyse the

time, a time

have a non-uniform temperature

is this ‘asymmetric

which gives rise to a net radlative
to dissipate the precession kinetic

temperature distribution as a

dependent two dimension heat flow

the form (assuming constant material properties)

27 12T 1L 2T _ Pc 2T :
grz"i’ r r_rr-z.ae,, K &-t (4")
2T

Tlroo,t)=T(r, 2m, )5 37 |pgpar? ©

oT 2T ST

56| 5 5 sr =0

r 6=ora 6=2T er r=R
has to be solved numerically because the boundary conditions
resulted from the thermal radiation and sublimation are, in
general, non=1inear in T.. The schematic diagram of an
erecting shell is shown in Figure 4,1, In order to avoid

numerlical Instability, an Iimplicit difference formulation

has to be used. Consequently the problem 1is reduced to

solving a large matrix equation which 1Is very time

consuming. In the following sections various assumptions

are made to simplify the partial differential equation,
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under the condition that the results will not be seriously
compromised., To facilitate comparisons, the calculations In
the followling sections are based on the input conditions of
steady precession (no erecting torque) and uniform fnitial
temperature. The order of development 1Is: (1) completely
neglected the heat conductlion effects (Strip Approximatien);
(2) allowed for only the clrcumferential heat conduction
effect (Thin Shell Approximation); (3) allowed for only the

radial heat conduction effect (Thick Shell Approximation).

Q;2°1 Description of strip model

The crudest approximation is that the cylindrical shell
s so thin that the radlal temperature gradient through the
shgll Is negligible, and the shell Is assumed to consist of
strlps wlfh infinitesimal insulation gaps between strips so
the clrcumferential (or tangential) heat conduction Is also
ignored. The above partial differential equation is

simplified to a set of ordinary differential equations of

the form
| T
pe il = L[LFeaheosp-erT] (4.2
1=1,2,3,...9

T, and §; are the temperature and angular position for
each strip. Therefore If the shell 1is divided into J
strips, there will be J equations to be solved per time

step, The F(%,t) in the Equation (4,2) is the
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half-rectlfled sinusold characterizing the solar input to
the shell as a function of time and angular position of the

strip.
u;2°2 Bare thin shell system

To maximize the thermal reradlative effect, i.e., the
erecting torque, one éf the criteria is to make the shell as
thin as possible so the solar input can give rise a maximum
temperature change., In this thin shell design, the strip
‘épproxlmatien should hold because the radial temperature
gradlent and the circumferential Heat transfer would be
sméll due to the thin shell thickness., A computer program
(STRIP) Is written to solve the entire set of Equation
(4.2), The description and listing of STRIP are included in
Appendices H.1 and P.1.

The angular temperature distribution gradually changes
from fts Initial wuniform shape to skew sinuseid which
travels around the shell at the angular rate of the spin,
The instantaneous maximum and minimum temperatures around
the shell are shown in Fligures 4.2 and 4.3 and the
Instantaneous maximum temperature difference, 4T,, which is
the difference of the maximum and minimum temperatures s
shown in Figure L.4, Iimmediately after exposure to the
solar radiation the amplitude of the temperature exhibits a
damped oscillation character which reaches a steady state

amplitude after a few spin cycles,
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The Initial temperature distributions all have the
damped oscillation character which can be explained
gréphlcally by comparison of the steady state distribution
with the Initial distribution., A detailed explanation is
glven In Appendix C where three types of damped oscillation
are énélysed for three classes of initial condition. These
ére_(l) the initial temperature T, is greater than the
steédy state maxImum temperature; (2) T, is 1less than the
steédy state minimum temperature; (3) T. is in between the
steady state maximum and minimum temperatures.

Another important quantity, which is plotted in Flgure
4;5, is the angular phase lag of the Iinstantaneous maxIimum
temperature from the maximum solar iIntensity direction. As
will become clear later, this phase lag Is a major factor
In determining the normal component of the reradiative
force, and equivalently the erecting torque.

For fast spin such as the residual spin after the Yo-Yo
despin operation (see Section 2.3.4), the transient
behav lors will be noticeably diff’erento The most
outstanding feature Is that the damped osclillation will
persist for many spin cycles, but the total transient time
span Is Increased only moderately. Also, 1if the initial
temperature is too high above the equilibrium maximum, the
démped oscillation behavior does not exist at all because
the shell Is always losing energy during the entire spin
cycle., As a result, the damped oscillation will degenerate

to a slanted stalr shape which continuously decreases toward
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an ésymptotlc value,
h;2;3 Optimum spin rate

ldeally, to realize the largest normal force component,
the phase lag, 4P should be as close to - /2 as possible
and the maximum temperature difference, ATm should be as
large as possible. Unfortunately for a given configuration
at zero spin, AT, Is maximum but'W is zero; and for fast
spin, A Tn épproaches zero but Y is close to =T/2,
Consequently, there must be an optimum spin rate at which
the resultant normal force 1is maximum, Trial-and-error
solution would certainly give an answer, but 1[It could be
very time-consuming, especially without a prior knowledge of
the optimum spin region.

For a reradiative erecting shell, an analytic
expression for the optimum spin can be obtained by

maximizing the following Integral
_ (e ¥ d (4.3)
I, (W) -fa [T(u),e)] cosedb

where T(w,8) is the temperature distribution
shown In Figure 4.1,

The normal and parallel forces vresulting from the
translent temperature distribution of a bare thin shell of
unit helght are presented in Flgures 4.6 and 4.7, The
oscillatlons have damped out after about 300 seconds for the

conditions given,
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u;z;u Radioisotope-heated thin shell system

Without the solar heat flux, the above thin shell will
gradually reach a very low uniform temperature., The solar
Input not only heats up the shell but also creats an
asymmetry of temperature distribution so that a net
reradiative force will act on the shell to generate a
torque. |If the shellﬂis internally heated to an elevated
temperature, the superposition of the skew sinusoid (due to
the solar input) on the elevated uniform temperature will
Inqrgase the net reradiative force because of the higher
energy of the reradiative photons.

Préctlcally, all alpha energy can be absorbed by a very
thin layer of materfa], therefore alpha=emitting
radioisotopes are good Internal heat sources. Po-210,
Pu-238, Cm=242 and Cm-244 are some of the possible
candldates because they glive the low radiation hazard. To
énélyze thls design proposal numerically, a radloisotopic
heat flux which corresponds to the amount of radiolsotope
deOQSItedwper unit shell area Is added to Equation (4.2),
The Eesu]ts of the optimum spin rates and the maximum
erecting forces (normal component of the net force) as
functions of radliolsotopic heat flux are shown 1in Figure
4,8, The addition of uniform heat flux favorably Increases
the optimum spin rate but unfortunately, the assocliated
Increase In the steady state erecting force 1Is only about
twenty percent as shown on Figure 4.8, (Note that the

amount of Isotope required varles with Isotopes. For
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Po~210, the typlcal isotope requirement using Table 5.1 for

conversion Is about a few mg/cmzof shell surface area.)

4;301 Description of Thin Shell model

In the Strip Approximation method, both the radial and
clrcumferential heat conductions are neglected, Since the
circumferential heat conduction will tend to smooth out the
asymmetric angular temperature distribution, the Strip
Approximation may overestimate the maximum and minimum
temperature and hence the performance, (i.e., the torque
generated). To account for circumferential heat conduction,

the governing differential equation becomes

pe %:fr' = k‘z'%jé‘—z +L[I.F(at)cosp-€rTY] (59
where P, ¢, k, €, 0, lo,2ar, and R are the density, heat
cépacity, conductivity, emissivity, Boltzmann constant,
solar constant, shell _thickness and radius
respectively, F(8,t) Is the half-rectified sinusocid
which characterizes the solar (intensity around a
cylinder; ¢ Is the complement angle between the spin

axls and sun=1line.

This semli=-1lnear partlal differential equation 'ls solved

numerically and analytically In the following sections.
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u;3°2 Semi=-implicit numerical solution

The 1impliclit difference formulation of the above
partial differential equation requires linearization of the
rédlétlgn‘term l.e. [-T”+g4g;"rnﬂ(‘7”f. This non-1inear
term Is not expected to Introduce serious numerical
instébtllty problems, but the resultant coefficient matrix
ls not exactly tridlagonal because there are two non-zero
terms on the extreme corners of the matrix due to the
closed-loop nature of the circumferential heat conduction,
As a result, the matrix factorization technique cannot be
épplied and the Gaussian reduction method is used Instead,
which 1s more time-consuming, The numerical results for the
thin metallic shell using_Thln Shell Approximation agreed to
about one percent of the results of the Strip Approximation
(see Flgures 4.2, 4.3, and 4.4).

Two of the by-products of this computation are the
parallel and the normal force components (relative to the
sun axls line) as functlchs of time. They both exhibit
damped oScillation as shown In Figures 4.6 and 4.7 (for a
shell length of a centimeter). From the spacecraff dynamics
viewpoint, the absolute magnitude of the normal force
component Is just as Important as its magnitude relative to
the parallel force component, because the parallel and the
normaltforces are directly related to the precession torque
and the erecting torqué respectively. The following section

discusses a proposed scheme to increase the normal force.
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4;3;3 Subliming material coated shell system

The thermal force on the shell originates from the
recoIIAmomentum of photons which have a spectrum of energy
characterized by the témperature of the radliative surface.
At steédy,state, any unit surface on the shell will radiate
é$ much energy as It receives during one spin cycle, The
scalar momentum Is directly proportional to the energy
radlated but inversely proportional the particle expulsion
speed. Consequently, If sublimation of a solid material 1is
employed as the mode of removing energy, the expulsion speed
(~3#10% cm/sec) Is about a miilion times lower than the
speed of radiated thermal energy (3#10°cm/sec); the momentum
resulting from sublimation 1Is therefore about a million
times the thermal radiative momentum. Thus, there Is quite
an Incentive to coat the thin shell with subliming material.
The heat flux carried by sublimation can be derived (see

Appendix L) as

— HS w . - 4_‘5)
Qo = — e [BE EXP[2303-(A-B/T)] ¢

where Hs 1s heat of sublimation

wt |s molecular weight

A,B are the sublimation constants

T Is the sublimation temperature
which 1s added into the bracket of Equation (&4.4) to
éccount for sublimation,

The resulting temperature distributions are shown in

Figures 4.9, 4.10 and 4.11, The important features are (1)
the damped oscillations of the instantaneous maximum and

min I mum temperatures are essentially suppressed by the
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sublimation heat loss for wide range of spin rate, however,
the instantaneous phase lag still retains a small damped
oscillation; (2) the steady state temperature distribution
Is lower than the results from a bare shell; (3) the phase
l%g Is not as large as in the case of a bare shell, For
fast spin rate (w>> Wept ), the Instantaneous normal and
péréllel force components will tend to osclillate for a very
long time because the surface temperature does not have
sufficlent time during each cycle to equilibrate, There are
two Interesting features worth mentioning: (1) for fast
spin, the restoring torque can actually switch polarities as
shown In Flgure 4,12; (2) as shown Iin Figures 4,13 (a and
b), the amplitudes of the force components for low initial
temperature will have growing oscillation for many cycles
before the amplitudes of oscillation start to decrease. The
Inftial maximum temperature oscillates with damping, but its
mean value continues to rise toward the equilibrium maximum
temperature. Since the net reradlative and subliming forces
are proportional to the exponential power of temperature,

the amplitude of the oscillatien attains a peak.
4.,3.4 Approximate analytical solution

At steady state, the angular temperature distribution
for a bare thin shell as shown In Figure 4,14 has a
remarkable resemblance to a sinusoid. This temperature
profile travels around the shell with an angular speed of

the spin, The Fourler expansion of this wave form for
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constant spln W Is
T(t,8)=290.9+2/.55:cos(wt+8) - 45.16: SINCwt+8)
265 -COS2(WE+6) + 140 -SIN2(WE+B) (4.6)
+0.43 COS3WEt+B) + 0:25 SIN 3 (WiHGI+ =+

which indicates that the steady state temperature

distribution can be approximated by

Tt )% Tawg [ L+ M, CosCwt+8) + Mo SINCwE+6)]

= Tovg [ 1+ M SN (Wt +6+W)] C7)

Here, T“W? Is the average temperature, M is related to the
max Imum temperature difference and “Pis the phase lag of the
méximum temperature from the direction of maximum solar
Intensity. The half rectified sinusold F(8,t) and T in

Equat lon (4ob4) are approximated by

cosan(wt+6)

0
2
/ w ~E = 4.8)
F(t,0) == +5 SINC t+6) -7 < ey C

T = ok [1+4M,COS(Wt+8) +4M,S! N(wte)] &)

Substlituting the above expressions into Equation (4.4) and
equétlng the coeffliclents of the constant, sine, and cosine

terms, the solution of the resultant simultaneous equation

is Va
T = [-D/cme) ] (410)
%
M =05 p/[7;,3(Aaw’+B‘+Iecz'};fa-SBC'IZSJJ 1D
p = +on[hw/ CAC Tag - B)] (412
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and the constants In Equatiens (4.10), (4,11) and (4,12) are
defined in Equations (4,17) through (4.22).

For the radlolsotope~-deposited thin shell, a constant
heat flux term G Is added to Equation (k.4) as proposed in
Section 4.2.4, The expressions for M and'W are the same as

ébove, however the expression for Tm@ ‘ls
/4
Tog = [- (/7 +G)/C]
in the case of the sublimlng materfal coated shell, a
. N/
sublimation heat flux term EleeXP[CAc‘Bc/_?;@)'Z’ﬂiS added

to Equation (4.4), The above. parameters become

A.~Be/Tovy _

(4.13)

(414

Y
cﬁg +D/7T+7Zn/;2~E"IO @

- 3. - B
M = D/ Tog) - { AR +[-B +4CTag +E ( o

1 he—B/Towg 12 ) "% C415)
T 10 I'f

! A Toy 0

= fan — avg |

¥ ~B Ty +4C Tog +E T2 ‘Oﬁc‘Bc/ﬂv'q(-B_c_ (+16)
T;vg

The constant A,B,C,D,E,G are the coefficients of the

partial differential equation. They are

A=PeC (4.17)
g =k/R? (4-18)
C =-€a/ar 19
D = I,cosd/ar 4.20)
E=Hswt"/C1714 ) (421
G = RI./4r (4.22)
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where Hs is the heat of sublimation
Rly, Is the radliolsotopics heat flux
and the rest are defined in Eq.(4.3)
Thesenspprpxlmate snalythal expressions of the form}pf
Equsxlon ’(#97) are‘_capable of représehting the trﬁe
(numerical) temperafure d:strlbutions withln about 20%
éccurécys ln general, Equatien (h 7). should be used with
caution because lt could introduce large errors ln computing
other quantltles such as the reradiative force cnmponents

(note the reradlatlve force ls proportienal to the uth power

of temperature)°

When  the approxlmate aha]ytic expression for
temperature, Equatien (h 7), is substltuted in .the normalN
force expression, Equatlon (L.3), the resultant expression
is a slxth order polynomlal ln terms of the spin rate d) ®
Applylng the Descartes Ru]e of Slgn, tt can be | shswn that;
there ls one and on]y one rea] pbsftlve reot.'In tﬁe_
,solutlono Analytlcally tﬁls root ts feund by transforming
the slxth order polynomlal to a cublc equation before using
the Cardan s formula to get an expliclt. expression (21)§ 
The result Is | o

4
Ujopf {2(64’”_} +8l %4) cos ["Lfd (! +i-'7 *

647"+ 8 M%) (20 o comtl (423)
192('%@ﬂ33+18m‘%"+§lm6)2) ]~ &+ '}

where , qr, = ], cos¢/c2arTas)
- pZCZ

ecr ¢
M = —’%4-{-8 KEC T2+l i
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For the bare and the. heated shells the numerlcal results
,frem this expresslon agreed almost exactly with the ~only.
pesitive reot of the erglnal sixth order pelynomlal For a
bare thin shell, _the optlmum pin is nearly inversely,
proportional to. the shell thlckneés and Is only a few
hundredths of a radian per, second as. shown in Flgure 4,15,
Fer the rad!olsotope-heated th!n shell, the optimum sDIn ts’
greater by an arder of magnltude as shewn !n Flgure 4, 5.
Agaln, the approxlmate solution checked out well (+25%) with
the exact (numertcal trlal-and~error) solutlon.-

For the case of the subliming material coated shell,
the approximate optimum spin Is not obtainable because the
subl iming force Is a complicated function of temperature.
As a result, the integral of Equation (4.3) 1is very
difficult to obtain analytically. Haﬁever, based on the
rerédlétive force results, the optimum spin is at 1least an
order of magnitude less than that of a bare thin shell,
From a practical point of view, the coated shell functions
best If the épin Is about a few rpm because at this spin
réte, the average parélle] force is,qyite small and yet the
normal  force for erecting thg spacecraft is still

appreciable as Indicated in Figures 4,13 (a and b)),

For a thin shell, the radial temperature variation is
knegllgibleo However for a shell coated with subliming

material, the above assertion Is not true anymore, because
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the thermal conductlivity of the subliming materlal Is about
a thousand times smaller than the metal and lts ‘thickness
has to be at least ten times as thlck as the metal in order
to be practical. Fortunately, due to the low thermal
conductivity of the subliming materlal, the circuﬁferential
heat conduction effect can still be?gnored as In ‘the Strip
Approxlmat!on method (see Section 4.2), The, resuliant

governing differential equations and boundary conditions are

A 32'7" +____ oT; — Pc 2k
2r= " r ar k ot
- 2 (3 B:, T i
2k =0 [;(r,0) = CONSTANT (428
2r IR
i=1'203000_ed

Since the shell is divided into J strips, for a
complete angul ar tamperature distribution at any time t, the
above-dlfferent!al eauation has to ‘be aolved J times,
Obvlpualy, thfs is a Qery timefeonsuming process, As a
matter-ar fact; the number of opération steps will exceed
the selution of the orlginal two~dimensien parabolic partlal
differential equation (Equaticn k.,1) by AD! (Alternate
Directlan Implicit) scheme (see Sectian 5.4,3) for each tlme
step because the number of- radial mesh polnts is generally
less than the number of circumferentlal mesh points. The
lmportant difference is. that the praposed method is very
stable numerically° On the contrary, the ADI method willi

*likely lntroduce a severe numerlcal stabllity llmltation due
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te the non-rectangular geometry of this problem (39), As a
result, the present numerical method will probably require
less computer time for a complete transient selution in
‘eompérlspn with the ADI method because the preseﬁt method
cén utilize a large t!me'stepo

| There are many interesting features contained in the
numerical solution as displayed In Figures 4.16 and 4.17.

(1) The temperature gradient acréss théi shell‘ is
usually very signlficant (about 12 °C/cm), |

(2) For each strip, this gradient will switch signs for
eéch,spih cycle,

(3§‘The phase lag of the maximum temperature on the
subliming surface is less than the’phase lég on the metallic
surface by above 50%.

(4) The  temperature distribution at any instant
resembles a sinusoid as shown In Figure 4,16,

(5} The ma*lmum, and the minimum temperatures as
fung;lens of time shown In Figure 4.17 are similar in shape
tejfhe curves from the Thin Shell Approximation. (see
Section 4.3.3) “

| (6) Fina]iy, the computer execution time is about five

times greater than that for the similar calculation by the

Thin Shell Approximation,

The original two dimension time dependent heat flow

equation has been solved with varying degrees of
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sophlsticétiono It is obvlious that as each assumption |Is
removed, the fine structures of the 'exact' Sclutlen will
begin to unfold, and the gompuféf executien_timé will also
!ncreéseo In general, ,the/‘StéIpA Approximation ’ls very
éccuréte,fer thin metallic shell. If the métal]ic shell is
_nét very thin,v then the smoothening effect due to the
circumferential heat conduction should be taken into account
by the Thin Shell Avpro}clmatien° When the shell exhihﬁts
poor thermal conduction such as with subliming material, fhe
Thick Shell Approximation should be used in order to yield
accurate surface temperature, because the sublimation
process Is wvery strongly dependent upon the surface
temperatureo Only under extreme conditions, such as a
thick metallic shell coated with organic subliming material,
must the original two~dimension differential equation be
solved rigorously, Fortunately this slituation does not

exist In this study.
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TRANSIENT MAXIMUM

FIG 42

TEMPERATURE OF BARE SHELL
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FIG 43

TEMPERATURE OF BARE SHELL
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FIG 44 TRANSIENT MAXIMUM TEMPERATURE
DIFFERENCE OF BARE SHELL
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OPTIMUM SPIN AND MAXIMUM NORMAL

FIG 48
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FIG 49 TRANSIENT MAXIMUM
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FIG 410 TRANSIENT MINIMUM
TEMPERATURE OF COATED SHELL

l l l l 1 ]

272}

27— —

Te =273 K
a =0,05 rad/sec —
ar=0,1 cm
Naphthalene
coating-0.25 em

Ny
o
00

MINIMUM TEMPERATURE, T, °K
T T

262p—

= -
- | | | | |

0 20 40 60 80 100 120

TIME, t.sec

112



TRANSIENT PHASE
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FIG 412 TRANSIENT PARALLEL FORCE
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FIG 413a NORMAL FORCE COMPONENT
FOR FAST SPIN ( w>>w,t )
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FIG 413b PARALLEL .FORCE COMPONENT
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FIG 416 OQUASISTEADY TEMPERATURE
DISTRIBUTION AROUND COATED SHELL
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FIG 417 TRANSIENT MAX AND MIN
TEMPERATURE FOR THICK-COATED SHELL
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CHAPTER 5
PERFORMANCE ANALYSIS OF MICROTHRUSTER

In  conventional chemical 'ér nuclear rockets, the
thermal power from cﬁemlcal reactions or nuclear fission
reactions bs Imparted to the propellant in the form of
random gaseous kinetic energy 'ﬁhlch is transformed to
dlrectionél kinetic energy by means of convergent-divergent
nozzle to produce thrust. Theoretically, if all the gaseous
molecules are expelled exactly In parallel with the thrust
éxisa‘the resultant thrust will be the maximum attainable
for a glven chamber stagnatlon condition, |
| In the subliming microthruster, this maximum can be
achleved in principle if the subliming solid Is placed at
the focél,polnﬁ of a perfectly reflectiveyparabo]lc nozzle,
in realityp this is noi a} practical éystem‘ because the
subliming surface has to be very small at the focus and also
the practical parabolic surface Is far from being
reflective, Nevertheless, a simple system, such as a
cyl!ndrical cup filled with subliming material as shown in
Figure 5,1A, 6an realize about half of the theoretical
maximum thrust. The performance of this simple design can
be easily Improved by connecting a divergent conical nozzle
to the cylindrical cup (Figure 5,1B)., The plausible reason
Is that gas molecules sublime, on the average, with a speed
of(i%%?fii;) which is higher than the sonic (pressure wave)

Ury ‘
speed of@%?)(for complex molecules ¥=1.0), so that the
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nozzle has to be divergent to increase the resultant thrust.
Physfcally, the molecular interactions with nozzle wall are
convenlently divided into specular and diffuse reflections,
In a divergent nozzle, the wall Is slanted outward. From a
sfmb!e geometric consideration, it can be shown that after
either type of Interaction with é divergent wall, the
éverage final normal veloclity component (parallel to the
confc axls) Is always greater than the Initial.
Consequently, thg longer the nozzle, the higher the thrust
will be; However, the net mass flow, due to the nozzle
obstruction, i{s decreased to an asymptotic value as shown in
Figure 5.2. To increase the thrust further, the alternative
Is to Increase the mean speed of the molecules by heating
the nozzle skirt so the molecules adsorbed by the wall will
be evaporated with a higher average energy than thelr

initial average energy.

5;201 Radiolsotope properties

There are at least two areas where radlolso:gpes can
contribﬁtep These are as the heat source for the
subfﬁmatﬁon process and as propellant for thrust generation
by the deeay‘part%cle regeil momentum, Unlike Joule heating
(electric resistaﬁce‘ heéttng), the radioisotopic heating
cannot be turned on and off so that it imposes a design
problem. On the other hand, it 1is very reliable In

generating a predetermined thermal energy. Considering
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degéyvrecail momentum, the heavy particle emitter |Is very
éttréctive for generating small thrust'as will be shcwn' in
Section 5,2,2, In the present study, only alpha~emitters
éppear to be useful because of both thelr ease of converting
the decay energy to heat and their avallablility. Thé
selection of a particular alpha-emitter depends on many
factors such as half-life, radlation hazard, cost, and
material compatibility, |

in Table 5.1, a few radloisotopes of Iinterest are
listed along with their physical properties. These isotopes
are formed by capture of one or more neutrons, The nuclear
rad lations given off by them emanate directly from their
natural decay scheme or from interaction of primary
rédiétlen with other materials. Usually, only gamma rays
and neutrons are Important In the required shielding
considerations since they are more penetrating than both
beta and alpha particles, Although the Isotopes of
importance In this study decay by emission, gamma rays and
neutrons are present due to Iimpurities, (O ,n) threshold
reactions with low atomic weight elements (e.g., 0=~17 and
Owls);_spontaneous fission (except Po=-210), and Induced
fisslon (e.g., Pu=238 and Cm-244). The effects of neutron
multiplication (34) In Pu-238 and Cm-24L are negligible for
the present applications, however, the effects of impurities
ére.sametlmes unavoidable, Incidentally, Th-228 1is an
excellant propulsion isotope; the half-life is 1.9 year and

Its decay causes emission of five energetic alpha particles.
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Unfertunételya it is not on the AEC isotope production list,
5;2;2 Radlglsotope*doping~for,fast despin

Sublimation processes, as with other phase transition,
requ‘iréythermalvenergyo For materlals of interest, lthe
sublimation heat is of the order of 15 Kcal/mole (33).
Unfortunételyﬁ subliming material are usuaiiy very poor
thermal condqctors, so that to supply a large amount of heat
by wéy of conduction through these materials Iis very
undesirable because of the associated large temperature
grédients and the non~uniform subliming surface temperature,
Radiolsotope-doping seems to offer an exceilent solution,
Minute amount of alpha-emitting radioisotopes could be mixed
in with the subliming material to form an Internal heat
source so that the sublimation heat is readily available
and the surface temperature can be made fairly uniform
radlally, The resultant thrust would be about a few dynes
per square-centimeter (based on the vapor pressure of Figure
6.5 at #273°K), which 1s sufficiently large to rapidly

despin an Initlally fast spinning spacecraft,
5.2,.3 Radiolsotopic decay for long term spin-control

If the microthruster cup bottom is coated with a thin
layer of an alpha~emitting radloisotope,vthen a small thrust
will act on the cup due to the alpha recoil force as soon as
the subliming material Is depleted. The purpose of this

film of radiocisotope is to generate a long-term despin
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thrust for the correction of any unexpected spin~drift,

Since the alpha particles have such a low penetration

capablllity, half of them are absorbed by the bottom of the

_cup and the other half are assumed to escape through the

flow channel, The thrust non-obstruction factor for these

high energy particles Is very much different from that of
the thermal energy molecules (see Section 3.2.2) because

interactions with channel surface by these high energy

particles will heat up the surface and the subsequent

reemi sslon will account for only a very small fraction of
their Initial momentum (less than a thousandth of the

original)., These high-energy charged particle interactions

with the channel surface will contribute negligible recoil

force. Consequently, as a good approximation, the thrust

for high energy particles can be assumed to come from the
direct streaming alone (those experlencing no channel

surface obstruction), The thrust non-obstruction factor for

high-energy charged particles (see Figure 5.3) is a function

of both nozzle length and nozzle cone angle and 1{Is always

less than that for the thermal energy subliming vapor.

The absolute thrust due to alpha particle emission 1Is
about three to four orders of magnitude smaller than the
sublimation thrust. This 1is obtalned In the following
manner. The relativistic expression for the recoll momentum

of a alpha decay is

2. 42
="<2;'E"('+‘2‘¢<"4%'C') ¢5.0)
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where KE is the alpha kinetlc energy
C is the speed of light
My is the rest mass of alpha particle
The total number of alpha emissions per second is equivalent
to the éctivlty of the radioisotope and it is given by
-at
dN/dt = -ANE
/ _ (5.2)
where N s #F#/cm*

Téklng fnte account the factors of 1/2 for the
absorption loss and 1/2 for surface normal component
correction (not all particies leave the surface vertically),
a useful expression for a thin=laver nuclear (neglecting

self ébsorption) disintegration recoll force is

Fll) = o.83:0 %€ (l+ 2"”"“; )«wea (5.3)

cm*

where WPA Is watts of radlmisotope deposi ted
on a cm* of surface \

For WPA=0,1 W/cm” » the recoil force 1Is about h°7*10‘4
dyne /em”™ . With inclusion of the nozzle skirt this force
will be reduced by a factor equal to the thrust
non-obstruction factor.

However, as the thickness of the isotope layer (or WPA)
Increases further, the above expression will overestimate
the thrust because of the self-shielding., "In principle, the
thrust will reach a plateau for isotope thickness beyond its
élpha range. |If the Isotope thickness x, iIs less than the
range rx , the thrust is given by (36)

I/2
T=(8E) * WPA>E. 2310 *C|-—X/2 (5.9

126



For Po-210, the graph of thrust versus the dimensionless
thickness x/r, is shown in Figure 5.4, It Is evident that
the self absorption 1imits the maximum thrust Intensity to
ébout .‘3*16“3 dyne/cm*. In other words, the thickness of
deposited layer should not exceed the alpha range of about
1,7+10° em,

For available radioisotopes such as Po=210, Cm~242,
Cm-244 and Pu=238, the life span of their decay thrust,
which Is proportional to the half~-lives, vary from about a
yeér to several hundreds years, so that this type of nuclear
disintegration thrust is sultable for long-term spin

control,
YSQZOH Radiolsotopic heating of nozzle wall

For a glven mass flow rate, in order to increase the
thrust and hence the specific impulse, more energy has to be
Rmpérted to the vapor, In an advanced nuclear rocket,
seeded propellant can absorb thermal radlation from the
divergent nozzle to increase the exhaust velocity, but here
the sublimed vapor Is so rarefied that the molecules do not
Interact with themselves or with thermal radiation,
However, if the nozzle wall is heated by radioisotope decay
to a temperature much higher than the sublimation
temperature, molecules adsorbed by the surface will be
reeml tted with a higher average speed. Only the adsorbed
molecules will benefit from the heated wall, but for a

nozzle of moderate length the majority of the molecules will



indeed iInteract with nozzle surface. The vresults of the
heated-wall effect is shown in Figure 5.5, for the case
~where the wall temperature 1Is malntained at twice the
subliming temperature., For the unheated-wall case, the wall
temperature was assumed to be the same a§z the subliming
temperature, but In reality the wall température would be
lower so that the relative effect of having a heated wall is
éctué]ly higher than that shewn in Fligure 5.5, The wall
temperature is dependent upon amount of radlioisotope
deposited, surface emlssivity, radiation view factor and the

heat loss to the reemitted molecules.

5.3.1 Description of governing equation

The schematic diagram of this device Is shown is Figure
5.1A. The sublimation heat is supplied from the cup bottom
where the heat Is generated by a few layers of radiolsotope,
The outslde cup surface is assumed to be thermally insulated
(f.e., negligible surface emissivity). Since sublimation
involves both the heat transfer and the mass transfer, the
temperature distribution is always in transient state, The
subliming surface temperature, and hence the resultant
thrust, as a function of time must be obtained from the
solution of time a dependent one-dimension heat flow

equation., The governing equations are the following.

kZT = pe 2T (5'5)
2 X2 3t
dXe /dt = ~ G()/P ¢5.6)
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The associated boundary conditions are

T (%0) = £X)
«2T| =gwW-&rTYot
2X I A=0
¢5.7)
— 3—r = % - *
kS‘x‘ rexoiry— €T T Xot) +GCt) Hs

Ko (0) = CONSTANT

where G(T) Is the sublimation rate
qf{t) is the radioisotope heat flux
f(x) is the Initial temperature profile
¥, ¢, k, Hs are the density, heat capacity,
thermal conductivity, and heat of
sublimation respectively
Two numerical approaches, the explicit and the implicit

difference methods, have been trled.
5;3q2 Expliclit solution of temperature distributlon

The difference formulation Is such that the future
temperature at any point is simply dependent upon the past
temperature only; however, the numerical stability criteria
req ulres the time step and the mesh size to be chosen in
such a way that At/ax* is always less than or equal to
(0.53(pcl)/k (sbout 200 in cgs unit). This 1limitation
complicates the problem somewhat, because physically the
outermost mesh will always decrease In size due to
continuous sublimation process., This difficulty Is resolved
by starting with a larger than minimum outermost mesh; then
as soon as the outermost mesh reaches the minumum allowed
size, it iIs combined with Its neighboring mesh to form a ﬁéw

outermost mesh,
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The result of computation for one design 1Is shown 1in
Figures 5,6, 5.7, and 5.8, The initial temperature was
assumed to be uniform (not true in reality), The surface
temperéture dipped to a minimum at the beginning because tﬁe
heat losses through sublimation and radiation are larger
than the heat supply through conduction (almest zero) and
then started to rise to a quasi-equilibrium value because
the resultant large temperature gradient due to initial dip
Increased the conduction heat transfer. The surface
temperature crept up slowly to a maximum as a result of the
reducing thermal resistance to the flow of heat from the
radliolsotope layer to the surface, An soon as all subliming
material was evaporate, the temperature of the bottom of the
cup rose quickly as shown In Flgures 5.9, 5,10, and 5.11,
because the only heat removal mode was then thermal
radiation, However, an elevated equilibrium temperature was

répi dly reached.
5;303 implicit solution of temperature distribution

To avoid the restriction on small time steps and the
coarse mesh size, the Implicit difference formulation Is
employed. However, the temperature at a point depends upon
both the past temperatures around this polnt and the current
temperatures aroeund thls point which are unknown,
Consequently, the spatial temperature distribution at any
time Iis the solution of simultaneous linear algebraic

equatlions, Fortunately, the coefficient matrix of these
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simul taneous equations 1Is tridiagonal so that the very
efflclent matrix factorization technique can be employed.
The sclution is very stable in general, Externally
Introduced disturbances such as the rearrangement of
boundary and mesh net are usually damped out in a fraction
of a minute (real time). The results of a sample
calculation based on the same conditions as In the case of
the explicit solution are shown 1n Figures 5.9, 5.10, and
5.11 for the time perlod during which the subliming material

is ;bout to disappear completely,
5;3°h Comparlson of results

The results of the above two methods agree very well
throughout the tested time span except at a few transition
Instants when the mesh net was rearranged, As long as the
surface was coated with subliming material, the surface
temperature remained relatively constant after the Initial
fast transient because of the large damping effect of the
sublimation process (see Figures 5.7 and 5,10), Since the
thrust Increases exponentially with the surface temperature,
a small variation in temperature can be Important.
Consequently, accurate prediction of the temperature i{s a
prerequisite for accurate evaluation of the thrust, Between
these two numerical methods the Implicit scheme is preferred
on ;his count. An Interesting fact found In testing the
above two programs was that the explicit computer coding

re q uired many checking calculations to prevent instability
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Snd as a result actually requlired more computer time than

the Implicit program under more or less the same conditions,
5;305 Thrust non-obstruction factor

By analogy with the mass non-obstruction factor, the
thrust non-obstruction factor iIs the ratio of real thrust
from a channel to the thrust from a plain subliming surface.
Unlike the mass non-obstruction factor, the thrust
non-obstruction factor can be, and is desirably, greater
than unity, These two non-obstruction factors are different
be cause the thrust factor Involves a (v#cos8) weighting
factor In the integration of the Maxwellian distribution.
Physicalky, molecules specularly reflected from a vertical
wéll do not affect the normal force component, However,
those adsorbed and subsequently reemitted diffusely will
lose some initial normal momentum on the average, so that
the thrust non-obstruction factor for a cylindrical channel
will be less than wunity 1iIn general (except when the
evaporation coefficient Is very small), Also, since the
average wall-incident angle (with respect to channel axis)
Is larger than the average angle for molecule escape from
the channel wall, the thrust non-obstruction factor is
expected to be larger than the corresponding mass
non-obstruction factor. These effects are shown in Figures
5.12 and 5.13 where non-obstruction factors are plotted as
functions of the L/R ratio and the evaporation coefficient,

(for(X8100; the sublimation surface specular reflection |Is
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zero}; It Is Interesting to note that for small evaporation
coefflcients (large subliming surface reflection) the thrust
non-obstruction factor can actually be greater than unity

due to the large subliming surface reflection,

5.4,1 Introduction

To significantly Increase the thrust non-obstruction
féctor, the flow channel (or nozzle) has to be modified,
Intultively, a divergent nozzle should Increase both the
mass flow and thrust because the slanted channel wall helps
to reflect molecules outward. Considering fluld dynamics,
there Is also a plausible reason., Vapor molecules leave the
subliming surface with an average speed of (WkT/2m) which
Is greater than the sonic or pressure wave speed (f kT/m) of
any non-monoatomic gas (noting the specific heat ratio
=21+2/f, where f is the number of degrees of freedom)(3l).
The flow speed In this supersonic region can only be
increased If It iIs expanded through a divergent nozzle. of
course the equatlons developed in fluid dynamics cannot be
épplted directly to the present pressure range, but
épparently, useful qualitative conclusions can still be
drawn from them. (f the above deduction is correct then, a
thrust engine deslgn Involving the heating a subliming
materlal In a coated chamber to produce vapor to be passed
through a nozzle (33) would not result in an efficient

desli gn.
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The simplest deslign of a divergent nozzle Is probably a
chopped cone., However, it will be shown that proper design
can Improve Its performance signiflicantly such that the
thrust does actually approach the theoretical maximum, Two
of the most Important geometric design parameters are the
optimum cone angle and the optimum nozzle skirt length, In
theory, the longer the skirt length the higher the exhaust
speed (or the better the propellant expansion), however,
"diminishing returns” will limit the length. In Figure 5.2,
it 1is obvious that contributions to the thrust afe
decreasing for L/R greater than about six for a usacdne
nozzle., A schematic diagram of a cylindrical=cup

mlcrothruster i{s shown in Figure 5.1B,
5;&;2 Optimum cone angle calculation

The optimum cone angle 1Is very difficult to obtain
éné]ytlcélly from Clausing’s integral equation (see Section
3.2) The main difficulty lies In the formulation of the
probabllity kernels, especially for slightly complicated
éssumpt!ons on gas-surface interactions. However,
numerically the non-obstruction factors for a chopped cone
geometry pose no additional problems other than those
described tn Chapter 3. In the cylindrical tube case, the
point sources from the inlet (apparent throat) were divided
into differential cones, which intersect the channel wall or
trace space curves on the wall, The number of molecules

contained in each cone are proportional to the spherical
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cosine distribution so that the surface adsorption density
In each channel ring Is the properly weighted summation of
511 intercepted space curves from all cones of the point
sources,

Unfortunately, truncation errors introduce an
unFertélnty by at least a fraction of a percent, The major
portion of the uncertainty probably comes from the numerical
treétment of the interceptions of differential cones by each
channel ring. The computer program (CONNOF) for solving the
chopped cone geometry treats the differential cones in a
slightly different fashions from the cylinder case (TUBNOF)
so that a direct comparison can be made with ’the
cylindrical-tube solution (noting a 90 degree chopped cone
Is equivalent to a cyllinder).

In this computer program (CONNOF), the circumference
of each individual differential cone is equally divided
Into about one hundred equal groups such that each group is
considered as a beam bundle characterized by a set of polar
énd azimuthal angles, The trajectory of this beam bundle is
traced until It Is adsorbed by the channel wall, Adopting
the same procedure as In the cylindrical tube case (see
Section 3.2.2), the mass non-obstruction factor is computed.
Since the polar angle of each escaping beam 1Is known, the
normal momentum and hence the thrust non-obstruction factor
can also be computed. For a given nozzle 1length, the
vnonmobstructlcn factors are calculated for different cone

angles,
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The results are shown in Figure 5,14, For maxIimum
thrust, there Is an optimum cone angle which 1Is strongly
dependent on the gas-surface properties, in particular, the
specular reflectivity. In Figure 5.14, although the thrust
reaches a peak, the mass flow monotonically increases as the
‘cone angle ls widened, Also In comparison with the results
from TUBNOF, it is surprising that the two results agreed
very well (see Table 5.2), By manipulating the cone angle
of a short nozzle the thrust level can be increased by about
twenty-flive percent as shown in Figure 5.14., In Figure 5.2,
It Is shown that by lengthening the nozzle, the thrust can
be increased by sbout twenty percent, Consequently, it
péys to design a chopped cone microthruster properly because
it is capable of Improving the efficiency over the
cylindrical=-cup design by about fifty percent, With a
rédicisotopewheated nozzle skirt as described 1in Section
5;303, the performance can be Iincreased further by about

énother twenty-five percent as shown in Figure 5.5,
5;403 AD! solution of temperature distribution

In Section 5.3, the temperature distribution In a
cylindrical cup was obtained from the solution of the one
dimension parabolic partlal differential equation by
assuming negliglble radlal heat transfer, The same
assumption Is not reasonable for a chopped cone geometry,
because the radiolsotope heat flux will funnel out from the

bottom and Introduce radial heat flux component even with
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- perfect thermal insulation of the external cone surface.
Consequently, the temperature distribution in a chopped cone
microthruster must Include the effect of radial heat
éanductlono A straight Implicit difference scheme would
require an Inversion of about 100%100 matrix for each time
step. This methéd Is certainly not practical because of the
enormous,combuter time needed as well as the large but
unknown numerical error associated with this type of
operation (inversion of large matrix). A relatively new
technlique called AD! (Alternate-Direction-Implicit) was
developed for fast convergence (30) of parabolic partial
differential equations. This technique makes full use of
the fast matrix factorization operation for solving the
resultant matrix equation and is unconditionally stable for
ény mesh slze or time step provided rectllinear coordinates
are used for the partial differential equation., However,
the geometric symmetry of the chopped cone demands use of
cylindrical coordiantes. The ADlI method was chosen for
solutlon using cylindrical cocrdinates with the
understanding that the method might not be unconditionally
stable In this coordinate system, The description and
listing of the computer code are given in Appendices J.3 and
P.7,

While testing the computer program, the implicit
solution of the center-line in the axial direction exhibited
an frregularity whose cause has not been determined, but by

a parabolic interpolation of the center-line temperature,

137



this difficulty has been bypassed. As suspected, the
numerical scheme is not unconditionally stable. For a
reasonable fine mesh net (0.1#0.1 cm2 ), the corresponding
max Imum time step should be less than about 1.0 second. As
a result, the computer execution time on IBM 360/65 1is
comp%rab]e to the real time (total subliming time) thus for
a prepellant (subliming matertal) thickness of a few
centimeter, several hours‘of computer time will be required
to complete the translent temperature éolutionc The typlcal
temperature distribution éhoWn in Figure 5.15 suggests that
‘the one~dimension solutlons of Section (5.3) may be used as
a first approximation because the temperature varies ver&
little radially except in the vicinity of boundary. Only
for the detailed design calculation will the computer

program need to be executed in Its entirety.
5.4.4 Performance parameters

in general, the thrust 1level for this type of
microthruster is less than a hundred dynes or a few hundred
micro-pounds. For ease of comparison with other thruster
systems, the parameters characteristic of a thruster were
calculated,

Neglecting the pressure differential effect at the
exit, the exit veloclity is just the ratio of thrust to mass
flow rate. The exit velocity as a function of the nozzle
length Is plotted In Figure 5,16, Slnce the exit velocity

Is supersonic throughout the nozzle length, the throat
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cross~section Is not a real quantity, but its effective
loaétlon can be found by extrapolating the exit velocity
untll the sonlc velocity is reached as shown by dashed 1line
in Flgure 5,16, The corresponding fictious throat area At ,

the thrust coefflcient C, and the specific impulse lspo are

(naphthalene)
At = (R-1/+an¥)® 2 0.5 A, (5.8)
C = T/(R-At) = |.8 ¢59)
Is= /9, =21, (5.10)

Since the performance 1Is strongly dependent upon the
propellant molecular weight and the temperature range over
which the microthruster can be properly operated, the
selectloﬁ of a suitable subliming material Is important. In
this study only the biphenyl and naphthalene are considered
be cau se of their adequate vapor pressures in the vicinity of
273°K and their relatively high melting points.  Some of

their physlical properties are given in Table 5.3,
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FIG 5.1 SCHEMATIC DIAGRAM OF
SUBLIMING MICROTHRUSTERS

Sublimling
material o
- -
{
1
?
i
1
]
L
]
: oom to
A { spacecraft
O s !
o A,
Radioisotope LA 5 255
layer RIARLES
[ [}
R,

A, Cylindrical cup

subliming material
doped with
radioisotope

Boom to

!//snacecraft

—

B. 'Chopped Cone



FIG 5.2

NON-OBSTRUCTION FACTORS
vs L/R FOR 45 CONE
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FIG 5.3

NON-OBSTRUCTION FACTOR OF
. 60" CONE FOR HIGH ENERGY a
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FIG 54
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FIG 5.5

HEATED NOZZLE EFFECT ON
THRUST NON-OBSTRUCTION FACTOR
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FIG 56 REGRESSION OF FUEL IN
CYLINDRICAL MICROTHRUSTER (BOL )
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FIG 57 SURFACE TEMPERATURE OF
CYLINDRICAL MICROTHRUSTER (BOL)
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FIG 58 MAXIMUM TEMPERATURE
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FIG 59 REGRESSION OF FUEL IN
CYLINDRICAL MICROTHRUSTER (EOL)
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FIG 510 SURFACE TEMPERATURE OF
CYLINDRICAL MICROTHRUSTER (EOL )
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FIG 511 MAXIMUM TEMPERATURE IN
CYLINDRICAL MICROTHRUSTER (EOL)
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FIG 512

NON-OBSTRUCTION FACTORS vs
'L/R FOR CYLINDRICAL CONE
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FIG 513 NON-OBSTRUCTION FACTORS
vs a FOR CYLINDRICAL CONE
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FIG 514 OPTIMIZATION OF CONE ANGLES
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' SURFACE

 FIG 515
TEMPERATURE BY ADI

METHOD
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FIG 5.16
EXTRAPOLATION OF THROAT AREA
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CHARACTERISTICS OF RADIOISOTOPIC HEAT SOURCES

HALF=-LIFE (YR)
ALPHA DECAY
FISSION

DECAY (MEV)
ALPHA
GAMMA

FUEL FORM

DENSITY (G/CC)

W/GM (PURE}

PURITY

W/CC (FUEL)

Ci/u

SHIELDING

CAPACITY (KG/YR)
SOURCE STRENGTH

(N/SEC=W)
FUTURE COST
($/wW)

TABLE 5.1

POLONIUM PLUTONIUM

PO-210

0.38

5.3
0.8
METAL
9.9
141,
0,95
815
32
M1 NOR

3,2%10°

20

*REFERENCES (34),(35)

PU=-238

86

4, 9+10"°

5.49
0.044
OXIDE

10

0.56

0.80

3,9

30
MINOR
15

5,2%10"

540

156

CURITUM
CM=242

0.45
7.2¢10°

6.11
0.04
OX!DE

120
0.90
882

28

MINOR
0,15

,0%10°

17

CURIUM
CM-244

18
1. 4%10°

5.80
0,04
OXiDE

2,65
0.95
20. 4

29
MODERATE
3

6
L,6%10

6L



TABLE 5.2

COMPARISON OF RESULTS FROM TUBNOF AND CONNOF

L/R r Km K
(REF)  (TUBNOF) (CONNOF)

0.5 0,0 0.30291 0.8023
1.0 0.0 0.67293 0.6728
1.0 0.1 0.69910 0.6988
1.0 0.2 0.72630 0.7261
2.4 0.0 0.51486 0.5150
3.0 0.0 0.41974 0.4211
4.0 0.0 0.35619 0.3589
5.8 0.0 0.31074 0.3138

*NOTE THE CONE ANGLE FOR CONNOF CALCULATION
IS FOR 88,99 DEGREES RATHER THAN 90 DEGREES,
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TABLE 5.3

PHYSICAL PROPERTIES OF NAPHTHALENE AND BIPHENYL

NAPHTHALENE BIPHENYL
FORMULAR C10-H8 C12-H10
M.P. (T) 80.3 68,8
SPEC. HT.

(CAL/GM=T) 0.315 0.307
TH. COND.

(W/CcM=T) 0.0038 0.0037
MOLE. WT, 128,2 154.2
HT. OF SUB,

(KCAL/MOLE) 14,23 17.37
DENSITY

(Gm/cc) 1.145 1,18
CONST. A 11.45 10.38
CONST. B 3729 3799
SONIC SPEED

AT 0°C (CM/SEC)  1,367#10% 1.243%10"

*NOTE THE ABOVE CONSTANTS WERE OBTAINED PARTLY FROM
PHYSICAL-CHEMICAL CONSTANTS OF PURE ORGANIC COMPOUNDS,
VoL 1.
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CHAPTER 6
APPLICATIONS TQO SUNBLAZER-TYPE SQ@AR PROBE
6.1,1 Passlive attlitude control system

A complete passive attitude control system for the
present Sunblazer probe would consist of an erecting shell,
a restoring vane, an annular viscous damper and two pairs of
microthrusters, The reason to have two pairs instead of one
palr Is malnly to maintain the axisymmetry of the moment of
inertia.

However, a requirement for both the erecting shell and
the restoring vane may be questionable. in principle,
either the erecting shell or the restoring vane should be
able to provide the necessary erecting and precession
torques to stabillze the spacecraft, The net reradiative
force acting on the erecting shell Is shown in Chapter 4 to
have a normal component and a parallel component, The
normal component is capable of aligning the spacecraft with
the sun line such that the solar panel at one end of the
probe will face the sun, The parallel component will cause
the spacecraft to precess about the sun=pointing axis., Even
if the inftial precession angle (angle between the
sun-pointing vector and the spin vector) is greater than 90,
thé normal force component will, due to the erecting shell,

Increasingly reduce the cone angle to less than 90°, Before
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the cone angle Is reduced below 90° , the precession s
retrograde and thereafter, the precession becomes direct
(precess In the same sense as the spin), This direct
precession is similar to a spinning top under a gravity
torque (36). As long as the precession torque does not
exceed a 1imit (see Section 6.1.3), the spacecraft will be
very_stable; In the meantime, the erecting torque, though
diminishing In magnitude, will gradually reduce the cone
éngle toward zero,

On the other hand, a restoring vane can be designed to
éccompltsh the same task, This 1is done by making the
external surface of the vane, which will 'see’ the sun, a
moderate absorber of solar radiation and a poor thermal
radiation emitter. The Iinternal surface, however, is coated
with a highly emissive material so that the absorbed energy
Is radiated away from the sun by the Internal surface of the
vane as shown In Flgure 6.1, In this manner, the solar
pressure on the external surface of the vane, due to the
ébsorptton and the reflection, will always sustain a stable
retrograde precession because of the negative precession
torque (see Flgure 6.2). The thermal reradiation from the
internal surface of the vane will have the same function as
the erectling shell, The net reradlative force has an normal
component to erect the spacecraft and a parallel component
to cancel only a portion of the solar pressure force acting

on the external surface,
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As a result, both the erecting shell and the restoring
vane are able to erect the spacecraft. The main differences
between them are: (1) the erecting force from the erecting
shell will always be larger than that from the restoring
vane on per unit surface area basis; (2) The erecting shell
will force the spacecraft to have direct precession rather

than retrograde precession as in the case of using restoring

vane,
6.1,2 Euler®s dynamical equations

The extension of Newton's law to rotational motion 1is
that the time rate of change of angular momentum Is equal to

the épplled moment, f.e,
Ni=di/dt + Q2 «H 6.0

where.ﬁlis the angular veloclity for axis system,
In an axisymmetric spacecraft, Ig=ly=l0  (subscript T for
transverse axis) and the relation between the absolute

angular velocity of the body &, and that of the body axis,d

Is

The corresponding component form of the above moment's

equation, or the Euler’s dynamical equations, are
My = I dulk/dt

M; = It dw/ot =, I vk +32xly 2
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The w's are not angular velocity components in the ordinary
sense of being derivatives of some §patial coordinates which
deserlbe the position of the body af time t. To describe
the orientation of the spacecraft, Euler's angles are used
as shown In Flgure 6.2, In terms of Euler's angle, the

Euler's dynamical equations become (37)

My = Ind Wy /dt
My= I8 - 1.V SING cos@ + I ud Y SING
Ms = I d (Y SING)AE —B Ltk +61 ¥ cos0

(6.3)

where W= b+ \PCOSG

In principle, the spin moment My » the precession
moment M, and the erecting moment M,as a functions of time
cén be found, so that the orientation of the spacecraft at
any time t Is the solution of the above nonlinear coupled
differentlal equations. The difficulties are: (1) the
lérgerémount of computer time required to obtain the moment
components as a function of time: (2) too many initial
condltions involved. Consequently, the numerical
Integration solution will be very time-consuming and the
result will be difficult to analyse and to draw useful
eohclusions,fromo The following sections deal with only the

"speclalized solutions to Euler’s dynamical equation,
6.1.3 Effect of various moments on precession

For steady precession as shown In Figure 6.2, 8 and w

are constant, so the the precession is given by
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Uk f My J"a C6:4)

V= 2ITcose 1_(2110039 "~ ILSING

For a given 8 and W, the precession~torque plot Iis
shown In Flgure 6.3, There Is a maximum allowable
precession (restoring) torque MJ , above which steady
precesslon is impossible because the spacecraft will filp

upside down, where

2 z —
M;‘ = ?4—_— —_—L(I,(j)x +an 6 (6.5)

The positive precession torque will force the spin axis
to precess about the preferred axis 1 (l.e., the
sun=pointing axis) In the same sense as the spin, as long as
the torque Is less than My, The net force acting on the
spinning spacecraft due to temperature asymmetry on the
erecting shell will always have a positive precession torque
component. Thus a solar vane or solar sall might have to be
added to Insure a stable precession, i.e,, to balance out
all or part of the positive precession torque,

in addition to the positive precession torque
component, a highly desirable erecting torque 1Is also
present. This erecting torque will force the spin axis to
spiral Into the preferred axis or the axis of precession, in
other words, the precession cone angle 1Is continuously
diminishing. However, unless the restoring torque decreases
as fast as sin8, a possibility exists that the precessfon

becomes unstable,
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Also, during the stabilization period, the spin rate
slows down, which has two serious Iimplications, First of
Sll¢ the precession torque will increase with decreasing
spin because the parallel force component of the thermal
rédiatien reaches a maximum at zero spin, Secondly, as
shown In Equation (6.,5) the maximum allowable precession
torque decreases in direct proportion to the square of the
spin, As a result, to maintain a stable precession, the
despin microthruster has to be designed carefully, i.e., It

should not despin the spacecraft rapidly to zero.
6;1°h Despin rate

The splin behavior of an axisymmetric spacecraft 1is
essentié]]y dependent upon the microthruster spin moment

alone. Its governing differential equation is simply

Ms = L dwx/dt (6.6)

For an estimate, assume there are two pairs of (i.e., a
tot@l of four) microthrusters, each of which has a throat
radlus of a centimeter; the microthruster has a moment arm
of 20 cm and lts surface is maintained at about 273°K. The
despin moment is about

M==4%20 cm#*1l5 dyne==12060 dyne-=cm C6‘7)
A typlical small satellite has an axial (or largest) moment
of inertia of about

Ix=5*106 gm=cm (6.8)
Consequently, the despin rate is of the order of Zoh*154

rad/sec which 1is large enough to despin the Sunblazer
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satellite from 200 rpm to few rpm In 20 hours without the
help of a Yo-Yo device. However, about a pound of subliming
material (obtained by multiplying the total subliming
surface area, surface regression rate, despin time and
materlal density) Is required to accomplish the task, so
that integration with a Yo-Yo Is needed to reduce the fuel
requlrement to a tenth of a pound. As to the residual spin
torque from the alpha emission at the bottom of the cup
after the material had sublimed away, for saturated
deposition (see Sectlon 5,2.2) the spin torque Is about 1
dyne-cm which 1s quite apprecialbe for 1long term spin
control because the 1ife span of this thrust is about two to

three half-lives of the alpha-emitter,
6;105 Erecting rate

During the despinning period, the erecting shell will
nearly attain the equilibrium temperature distribution, and
the nutation will be damped out by the annular viscous
damper (see Section 2.3.1), Assuming the transient
precession and erecting torques do not affect the attitude
significantly, the initial motion of the spacecraft 1is
simply a slow retrograde precession about the sun axis.
Since the precession torque and the spin remailn relatively
constant, the effect of the erecting torque on the
spacecraft can be found from the M, expression of Equation
(6,3), The resultant erecting rate in terms of the erecting

torque is
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8==Mz/ (1, 0 =21, Ycos8) 6.0

For a practical design, the net precession torque (algebraic
sum of the solar pressure torque and the parallel torque
component from the erecting shell) is very small, hence the
precession rate Is usually very much smaller than the spin

rate, The erecting rate is further simplified to

é"‘”Mg/(" wz.) Cé‘lo)

A shell (thickness=0.01 cm, radius=25 cm, length=25 cm) will
yleld an erecting force of 0.01 dyne at the optimum spin of
ﬁ;OB? rad/sec, so an erecting torque of 0,25 dyne~cm s
achievable. As a result, the erecting rate for the bare
shell Is about 1,3*10°® rad/sec and this rate will decrease
as the spacecraft precession cone angle is decreased because
of the reducing solar Input to the shell surface,
Therefore, It will take on the order of two weeks to
stabilize the spacecraft.

The main drawback of the above scheme is the
vulnerabllity to small perturbation torques because of |its
low spin rate. A radiolsotope-heated shell can resolve this
difficulty, For a surface heat flux of 0.2 watt/cm, the
optimum spin rate Is 0,14 rad/sec and the corresponding
erecting torque is about 0.27 dyne-cm, Due to this large
jump on the spin, the erecting rate 1is down to u01*167
rad /sec. Consequently, the stabilization time Increase to

about one month,
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For short-term stabilization, the subliming material
coated shell is really the best performer. Even at a spin
of 0.3 rad/sec (way above the optimum spin), the erecting
force is nearly 20 dynes and the erecting torque Is about
450 dyne-cm. The erecting rate is 3*10‘4rad/sec which can

damp out the precession in a few hours at most.

6;201 Introduction

Iin general, any of the above erecting shells can be
made to work for a solar probe, like the present Sunblazer
satellite, if the spin 1Is controlled actively, For
Insténce, a stepping motor may be used in conjunction with
an attltude sensor to switch the spin torque by turning the
microthrusters such that the spin of the spacecraft can be
lncreésedw kept constant and decreased,

Disregarding the present Sunblazer attitude-control
design philosophy, the erecting shell and the microthruster
ére able to fulfill the stabjlization requirements for
future solar probe missions, Three conceptual 1light-weight
éttjtude control systems are described in the following

sections.
6.2.2 Passive systems for inferior orbit probes

For inferler orblt probes, the solar Input Is quite
adequate so the pure reradiative torques from a thin

~metallic shell and a restoring vane (reradiative Iinternal
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surface) can be acceptable In the following passive system
design,

The chopped=cone microthruster Is designed to have
enough subliming material such that the spacecraft 1is very
‘répldly despun éhertly after launch to the vicinity of
op t i mum splno In this low spfn range, the erecting torques
from the thermal reradlations (summation of the effects of
the shellland vane) are most effective 1in reducing the
“precession cone angle and even at zero spin, the reradiative
force Is still capable of damping out the resultant
librational motion (1), During this erecting period, the
small recoil thrust due to the radioisotopic emission of
alpha particles from the depleted microthruster despins the
spacecraft to zero and then starts to spin up 1In the
negative direction so the effects.of the perturbing torques
due to the interspace magnetic field, meteorites
bombardardments and outgassing from leak=-joints can
gradually be reduced, This is by no means a fool=-proof
system because the exact dynamical behavior of the

spacecraft near zero spin Is still not well understood,
6.2.3 Semi-passive system for Inferior orbit probes

The disadvantages of the passive system are mainly the
slow response and the inflexibility, The above passive
system can be impreved by installing a motor which, on
command from the attitude sensor, is able to switch the spin

moment from positive to zero or negative and vice versa,
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One scheme which can make good use of this ‘switching®
motor and attitude sensor combination is the following. A
cylindrical strip-gap vane as shown in Figure 6.4 with the
Internal surface coated with subliming material Is placed at
the rear of the spacecraft. At any Instant, the attitude
sensor detects a deviatlion from a preset precession cone
éng1e0 the microthrusters will be positioned properly by the
switching motor to despin the spacecraft toward a
predetermined spin rate where the undesired positive
brecessicn torque due to the parallel component 1is
insignificant yet the erecting torque due to the normal
component s still quite appreciable to stabilize the
spacecraft. As soon as the desired attitude 1Is attained
égéin, the microthrusters will be switched so the spin will
go back to the original steady state value at which smal)
distrubﬁng torques are not likely to upset the attitude of
the spacecraft. In the event the attitude 1Is thrown off,
the above procedure [s repeated, Since subliming materials
on the vane and In the microthruster must be present
throughout the missiona the sublimation rate during Inactive
Perlod should be less than one cm/year. As a result, the
steédyAstate surface temperatures have to be less than 225°K
in order to reduce the wéight penalties for the subliming
materials. The sublimation rate and pressure as functions
of temperature are shown 1in Figures 6,5 and 6.6 for
naphthalene and biphenyl. For long misslons, biphenyl is a

sultable materfal because of its 1low subliming rate.
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Intuitively, the thrust level is dependent on the surface
radliation propertlies as well as the gap-strip ratio. The
cylindrical vane shown in Figure 6.4 should reduce the

steédy_state fuel loss through contlinuous sublimation,
6.2.4 Actlive system for superior orbit probes

For probes designed to explore the electron density
and Interspace magnetic field beyond the Earth's orbits and
up to 50 AU distance such as plioneer scouting satellites for
the Grand Tour mission, almost all present systems have to
be modified. Because of the 1/r® attenuation on the solar
flux, the electric power generation will have to turn to
nuclear devices such as the radioisotope thermoelectric
generator (RTG) or the radiolsotope thermionic ‘devices.
Also, as result of 1long transmission path, a high=gain
antenna s necessary which makes the attitude control
requlrements qulte formidable,

Al though, the erecting shell and the restorting vane
will lose their appeals, the microthruster can still be used
to supplant their original functions (generation of the
erecting torque and the negative precession torque and the
despin torque). This task Is accomplished through an active
coupling of the microthruster and the attitude sensor
system,

The sequence of Iinteractions to stabilize the attitude
Is the following. From Figure 6.7, the spin rate and the

relative angular positions of each pair of microthrusters
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with respect to the precession axis (i.e,, the angle between
the line connecting each palr of microthrusters and the
precesslion plane or the plane of the sun-point axis and the
body axlis) can be determined by the attitude sensors, Then
a trigger signal delayed by a preset spin angle starts the
turning of each palr of microthrusters at the same rate as
the spin, in each spin cycle all three moments are
generated as shown In Figure 6,7, The direction of turning
will only affect the erecting torque and the precession
torque but not the spin torque which is always averaged to
zero, The time-delay on triggering the turning will affect
the waveforms of the precession torque and the erecting
torque as shown in Figures 6.8 and 6.9,

The maximum averaged precession or erecting torques are
only a half of the maximum spin torque., These torques are
independent of the spacecraft attitude, in particular the
precession cone angle, with an exception that as the cone
angle reduces to zero the attitude sensor will not be able
to trigger the turning properly (assuming the sensor s
attached at the periphery of the spacecraft). Since the
precession is a function of time , the attitude sensors may
have to trigger frequently for Instance, one trigger for
every two or three spin cycles during the stabilizatlon
period. Once the desired attlitude is attained, all torques
can be reduced to zeroc by turning the microthrusters such
that the spin torque [s zero., Whenever the attitude sensors

detects large deviations, this stabilization system will be
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activated agaln,

In principle, heat-pipes can be used to control the
heat flux supply for sublimation by mechanically causing the
heat-pipes to contact a heat source whenever heat |is
required, In so doing, the fuel requirement can
slgnlflcéntly be reduced, Alternatively, the 1long-lived
radiocisotopic recoil momentum can be used for generation of
thrust, however, the stabilization time will have to
increése becéuse éf the low thrust, The stabilization time
cén'Ba _shertaned if the spacecraft 1Is despun whenever
stabllizatlion Is cal led for, and as soon as the
Stéb%ltzatien Is attained, the spacecraft is spun up to a
steady state spin, at which the spacecraft 1Is relatively

Ilmmune to external torques,
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FIG 6.1 ECROSS-SECTIONAL VIEW OF VANE
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FIG 6.2 DEFINITION OF EULER'S ANGLES
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FIG 64 CROSS-SECTIONAL VIEW
OF STRIP GAP VANE
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FIG 6.7
RESULTANT THRUSTS FOR SYNCHRONIZED
TURNING OF MICROTHRUSTER (trigger 9=0)
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FIG 68
RESULTANT THRUSTS FOR SYNCHRONIZED

TURNING OF MICROTHRUSTER (trigger 8=90°)
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FIG 6.9
RESULTANT THRUSTS FOR SYNCHRONIZED

TURNING OF MICROTHRUSTER (trigger 9=135")
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CHAPTER 7

CONCLUSIONS AND RECOMMENDAT | ONS

The conclusions reached in studying the applications of
rédleisotapes and subliming materfals for attitude control
of small solar probes are listed below,

(;) ‘.Alphawemitting radioisotopes with moderate
half=-1ives are much superior to beta and gamma emitters In
applications for attitude control, These isotopes can
readily Increase the optimum spin of an erecting shell so
that the spacecraft is more immune to disturbing torques,
Furthermore, they are Indispensable in supplying uniform
thermal energy to a subliming microthruster for fast spin
controel, Additienally, they are useful to generate small
recoil thrust for long term, flne spin control,

(2) Organic subliming materials are found to be very
sultable for use In magnifying the erecting torque from an
coated erecting shell by several orders of magnitude over a
wide range of spin In comparison with a bare thin metallic
shell. As a result, the erecting shell can still function
effectively even at a relative high spin rate,

(3) A.mjcrothruster fueled with subliming material can
eonveft_a]mest all the thermal energy Iimparted to the
subl imed melécules into useful thrust by proper design of

the nozzle cone angle and length,

131



(L) At a given sublimation rate, the thrust can be
further Increased if a portion of the nozzle skirt is heated
radioisotopically.

(5) The applications of microthrusters and/or erecting
shell are found to be attractive for stabilizing the
Sunblazer probe. With proper feed-back control mechanisms,
the applications of the above devices are able to be
extgnded to a wide varifety of satellites. In particular, a
pair of microthrusters can produce torques In all three body
axes to control the attitude of any light spacecraft,

Investigations on other required studies 1led to the
following conclusions,

(1} In many cases of interest, the transient thermal
5n51yses of erecting shells and microthrusters, can be
carrled out by considering only zero or one spatial
dependence without appreciable loss of accuracy. Numerical
instabllity is found to 1imit the time step for ADI solution
of a subliming microthruster where both radial and axlal
heat conductlon effects are accounted for.

(2) The transient period for an erecting shell is short
(less than an hour) if the attitude of the spacecraft is
leedo However, during stabilization, the attitude
constantly changes, so the transient effect should be
Included in detailed dynamic analyses.

(3) The numerical technique (modified Monte Carlo)
developed for the non-ebstruction factor calculations of

molecular flow Is very flexible, accurate, and can include
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complex physical phenomena, The results were applied to
study the evaporation process and found to be useful,

(4} The above numerical technique was adapted to
énhlyze the gas dynamic aspect of the subliming

microthruster., The result clearly paved the way to an

Improved design of the microthruster,

The present study Is by no means complete, Several
éreas are open for Inmediate further research,

(1) The method of calculation of the molecular
collision effect on the non-obstruction factor needs
refinement, since the evaporation coefficlients derived from
exlsting experimental data of mass flow experiments appear
to be low thus suggesting that the molecular collision
effects used In obtaining the evaporation coefficients have
been underestimated.

(2) The technique developed for non-obstruction factor
calculation should be applicable to shielding calculations
Involving neutron and gamma ray streaming through a gap or a
beam=port.,

(3) The assumption that the sublimation surface
reflection coefficient Is one minus the evaporation
coefficient can be tested experimentally as outlined In
Sectlon 3.2.3, If it is verified, the evaporation

coefficlent theory will be placed on a firmer base.
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(4) In the chopped~cone microthruster analysis, the
sublimation surface Is assumed flat, but in reality the
surface becomes concave. The effects of this curved
subliming surface on the thrust are yet to be investigated.

(5) Utilization of molecular dissoclation may offer a
means fer é_marked increase in microthruster performance,
buf é,radicél change in tﬁe design proposed here would be
requlréd in order to provide the‘ few electron-volts of
energy requlred per molecule to induce molecular
dISSQcIatfono

(6) Detalled analyses should be carried for the dynamic
behavior of solar probes which Incorporate the various
erecting shell and microthruster designs proposed here in
order to determine the specific design requirements for

specific misslons,
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APPENDIX A

APPROXIMATE ANALYTIC SOLUTION OF t-¢
PARABOLIC PARTIAL DIFFERENTIAL EQUATION

The partial differential equation is of the form

Ag—:—cr— = B‘;’;’; +CT 4+ DF L) (A.1)

where symbols are defined in Appendix M, is used for Thin
Shell Approximation In Section 4.3.4, At steady state, the

temperature distribution has the approximate form of

T(OE)= Tavg [ 1+ M SINCO+wit+ )| (A.2)

By trigonometric expansion, T (8,t) becomes

TCOT) = Tawy [ L +M, COSCWEHB)+ Ma Sivcwt+6)]  (A-D)

and
%:%E = Tavg [~ M wSIVCwt+8) + Mywcos (wt+6) | (A4
2197: = Tag [~ M, coscwt+8) =M, SIN(WE+8)] (A-5)

T+ Tod [ 1+ 4M, coswt+0)+ +MaSINwt+6)] (A-6)

The solar Input F(8,t) is a half=-rectified sinusoldal

;nd\ean be expanded as
F(6,1)2 [+ + 4 SIN(Wt+e) | (A7)

Substituting the above quantities Inte the governing

differential equation and neglecting the higher order terms.
A Tove W [ MiSINCWE+8) + M, cOSCwt+0)] =

— B Tovg [ M, COSCWE +8) 4 Mz SIN CWE+6)] + CTas [ 1+
4M,COS (WE+ 6)+4 Mo SINCWE+B)] + D[ =L +4 giywi+6)]
(A.8)
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Since the above identity is forced to hold for all t and 8,
the coefflicients of the sine, cosine and constant terms must

be zera, l.e.,

C Taus + D/T(' O (H"g)
HTongQM BTanM +4CTaV\gM + D/l o (ﬁ.lO)
‘Iq—rhvgu)Mz_BTangt""4C T‘“VSM‘ =0 (Hv”)

The solution is

2
T;Jg= -D/(re) (A 12)
M, = 258 Tauy WD —  (R.13)

._—H ﬁgw “-16C Tqu -B Tavg +8B(,Tm,5

0.5 D(- BTan' 1‘4.(_1—“‘,‘2 )

M. =T (A. |4)

So that AT g W 16C Tlvg -B Ty + BBC Tavg

2
M:J M'&+ [\/|a \(Hl 15)
1. CoSs ¢

] - EArTaw.g [F U) +Ke/r4+8kéa- Ta\vS""edr_z Tg\vg]/z
and
'¢=tanqﬁtl)
M, N
-Pef aFrw

(&, 16)
4err*HQrK4r AR
For subliming material coated shell, a heat 1loss term ET

= tan (

EXP(A_~B/T) is added to the differential equation, The

expanslon fer this term is

T e"P(H Bc/T)"exP(ﬂc B. /Tavg)vag
" [}r(B< z/ng'¢4g/2)$ln(uft+6)
T (B.M/Tavg -Mi/2) cos (wt +8) ] (R-t")
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Substituting back, T;%g, M, and M are solutions of the

following equatlens

CTM,g + D/t +ET “Vg exP( A.- B /Tav5)=6 (F{ {5)

H Tavg WMy = - BTang *E—Towg ¥
QKP(HL“ Bc/Tavg>(B(_Ma/Tavg_M1/2)
+ 4c Ta\tg M4 (A 'q>
“ATavgM W = ~BTavgM; +4CMe Tovg t D/ 1
ETZZVgQXP ( Hc -Bc /Tavg)(Bc,M Z/T‘&V\g ’M.’./t?- ) (A,ZO)

The results for M and are given in Section b.3.4.
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APPENDIX B

~APPROXIMATE ANALYTIC SOLUTION OF OPTIMUM SPIN RATE
In Section 4.3.4, the approximate analytic optimum spin is
obtalned as following. At the steady state, the temperature

distribution is approximately given by

TYe,t)=“ﬁ@[1fM5nuwt+e++ﬂ (B 1)
In an inertial fiked coordinate, the temperature
distributlion is fixed as shewn in Figure B.l and Is reduced
to

T(8,c0) = Tavg [11M(w)sin (e + ¢(w)] (B 2)

The net force component in 8 direction (eor normal teo

solér ray) Is proportional to the following integral
2T

4.
FNuo)=-f [ T(e, wy] cospde (B.3)
Taking the derivative with respect to W, and setting the

result equal to zero, the result is

z ¢ 2
471'227(4-(*’ "'[6775 Ty T[a"'\ng«z 10, 71—4] “ﬁ-

2 2 2
"‘[6‘“1271'2‘4”-2“5]%) -4 - 3 M=o (B-4)

where parameters are defined in Section 4.3.4 and Appendix
M, This is a 6th order equatlien from which a pesitive real
root is to be solved. There should be only one real root
which Is the optimum spin speed for a maximum erecting
force,

The method of ﬁnalyttc solutien to this 6th order

algebralc equation follows, Transform the equation to
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cubic(by setting w=y, then eliminate the quadratic term by a
- : 2
llnear transformation (y=x+K), where K=°(2ﬁghﬁi3ﬂfﬁaﬂ}2/¢+n§*

ﬂil The cubic has the form of

rPX+ta=o (B.5)
Now, the three reoots are by Cardan's Formula (37)

Xl=AH +t2

X2 =Rt W B

V2 = wWA+twpk (B.6)

where
w=[-1rJ31]/e
A*= -Qfe +|974 + P27

R*- -0/, - |QY4 +PYay (B. 7)

Since the discriminant is negative, all three roots are
real. From the DesCartes’ Rule of Sign (37), the original
6th order polynomial and its transformed cublic equation have
one and only one varlation of sign, so that the equation can
have at most one positjve realffeqto On the ether.hand, the
cubic equation can haverét most two negative real roots,
hence the original equation can only have one positive real
root whieh Is the desired optimum spin, The closed form of
this root given In Section hOBQM was obtained by means of
the complex variable lidentities ménipulation of Equation
(B.6),

The numerical results from the analytic expression

Equation (B.6) have been checked against the direct
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The six
r@oﬁs Indeed contained only one positive root which agreed
to four or five signiflcant figures
sblutlon°

numerical solution of the original polynomial,

with the closed form
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FIG B1 ~ STEADY STATE
TEMPERATURE PROFILE
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APPENDIX C
GRAPHICAL EXPLANATIONS FOR NSHELL SOLUTION

For a glven configuration of the erecting shell, the
steédy state temperature profile around the shell with
respect to the sué is !ndependgnt of timeﬁ however, the
trénslent béhavior is very much dependent upon the initial
conditions, The steady state temperature profile is
chérécterlzed by the maximum T,.., the minimum T,;,, and the
phase lags * and » as shown In Flgure c.,1, To a good

éppraxlmétien, their relations are

losinﬁzeo—Tan e 1)
IDCos*==emr'r:ax e 2
I
Case 1 Twﬁn<Tc T max . t t |
\' e ' 5—’—545%5 S+¢-’te

tem Fem—n’-’u e

Tbnir\

Fig c.1

[+

where t, is the time required te rotate to L, and T; is the

time required to rotate to L, from the positions shown in

the flgures,
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However, If T, Is very much larger than T, ,, the oscillation
will disappear, Instead the translent distribution will look

llke a slanted stair,
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APPENDIX D

RECOIL PRESSURE OF PHOTONS, NUCLEAR
DECAY AND SUBLIMING PARTICLES

(1) Selar pressure on a projected surface is

Psun =direct solar pressure + reflected solar

pressure
Youn= Lfe + 2/3 xC1-e) I, /e

= I e x[1+2f ci-e)] (. 1)

where 1. Is the solar flux at a dlstance 1 AU
c is the speed of light
e is the emissivity

(i1) Thermal radiation pressure:

For a diffuse surface the total emissive power is E=1l,
The time rate of change of nermal momentum is

dpP. =E cosch * (thrZSlhde(P)/(Trc_r‘)

= 2ECsd SInPd e /e (D.2)
R:z@k*ﬂwms¢$n¢d¢

=2B/3¢

_2edT /3 (> 3)

(111) Nuclear dlslntegration'pressureg

The recoil momentum due to a rela;ivistic particle 1is
E/C*(1+2mce/E{£° The number of disintegration per unit area

is
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N=disintegration per Watt * Watt per area
(o
=3,7%10 * 19686*102/E(mev)*WPA (D.4)

The disintegration pressure s then

P.= 0’83‘2*‘0-4\/\/,912\,{.eXP(—?\t)(l-l-ZMoLCZ/E)/Z (D-5)

*Thls expression 1is good enly if the deposited 1layer
thickness Is much smaller than the alpha range in the
material, l.e., self absorption is negligible.
(Iv) Sublimation pressure:

The recoll pressure due to sublimation 1Is quite

complex, but as a déflnitien (9)

Ps = "LPV/Z.

.._gz(_l OA-B/T

-

= 666.6 %A % exp (2303 (A-B/T)) (D.6)
where P, is the sublimation vapor pressure
o |Is evaporation coefficient
T Is the subliming temperature
* The expression Is good only If the reflection Is specular

and constant.
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APPENDIX E
DERIVATION OF THE RELATIONS BETWEEN
RECOiIL PRESSURE AND REFLECTION COEFFICIENT
Let the Interactions of vapor molecules with seolid
surfaces, loeg,‘ the reflection (diffuset+specular)
coefficlent as a function of the incident angle 8, speed v
and surface temperature T be r(é,v,T), The fraction of the
molecules which do net reflect are assumed to be condensed.
The fractlon which does not reflect Iis assumed to be
condensed. At kinetic equilibrium, the fraction condensed
Is equal the fraction evaporated. Therefore, the total
number of molecules evaporated from a plain surface |is

proportional to

/2
f

where f(eev) is the number of particles reaching a unit

f [1-v(o,v.T)If(E,v)dvde

surface area per unit time and solid angle
with speed between v and v+dv
At thermal equillbrlum, the vapor-pressure acting on a
surface conslists of the contributions from evaporation,

condensation, diffuse and specular reflections. That is

Pv:’PE+ e +Pa Ps =D
- (E.2)
fz*; dywa6 + B VCoSD (.3)
A Vtes® = rvcose

Ps : S V(oS8 +35VCips @ (E4)

P= V'oose-,rvcoS‘é
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where the barred quantities are the Maxwelllan distribution
weighted averages, The reflection coefficients are
functlons of the surface temperature, the incident angle and
speed. The total reflection V"1s the sum of the specular s
and the diffuse reflection & . Substituting the above

expression Into Equation (E.l1), the relationship between P,

. rveose ) SvVeo
and Pe is _ﬁ =P + + S 560 + s &
E

Vies8® ~ FrVcCosé (E'5_)

Only if & is zero and s Is independent of both the

incident angle and speed will the above expression reduce to
Pr/Pe= 2/ Ci-F)

= 2/(-s) = /o (E.6)
where £ s the evaporation coefficient
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APPENDIX F
GEOMETRIC RELATIONS FOR SPECULAR
PARTICLE REFLECTION IN SPACE

A pérticle orlginating from P, (x,,y,,2z,) and impinging

‘the wall at P, (x,,y.,2.) will be reflected and will pass P,
(x,¥,2), The other point lying on the normal of the surface
of reflection is P,(0,0,z ). Since P ,P, ,P,,P, are in a
same plane and P; Is a mirrer image of P,, a plane equation
and two sphere equations can be written to solve for P

3
(x,y,2), The results are

x=[BY YKo+ X, CX=Y00] /R (E. 1)
'j:[zg,ga)(of X,(X:—'j:)]/ Rz (F. 2)
2=22,-2 (F.3)

R (XeYo,20)

FFS.?F‘.I. Reflec +ion ) )
Schematic Pk, g2y Redo,0,2) Ps (XY

If P, is on the wall, so will be g;o

on the wall, the intersection point has to be seolved from

But if P, is not

the line (passing through P,,P,) and the cylindrical surface

simultaneously,

The specﬂlar reflection from a chopped cone wall s
more complex because the surface nermal Is not readily
obtainable. The procedure to calculate the reflected beam
Is similar to that of a cylinder, but the resultant
expressions are very complicated, They are used directly in

Subroutine CONREF In program CONNOF (see Appendix K.2),
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APPENDIX G

DERIVATION OF PARTICLE FLUX DUE TO SUBLIMATION

The angular mass flow rate from a differential area dA
for moleeules having velocity in v and v+dv is (ma*/hTr)Vdp¢
cos8dA. The number of these molecules streaming through a
unit sphere Is (“#/4m)vdn_cos8(dS/ ¢*)dA per unit time, The
éverége residence time of these molecules insidé ‘the unlt
sphere is br/3v. At any liInstant, the numbé} of these
molecules stationed in the sphere is (*/bw)vdn. acsédSk‘
J(br/3v}dA, The flux er track length due tovthese éolegules
is ©@r®/31*)vdn.cos6dA or (*/411%) vdn, econ8dA. The flux
from melecules of all speed is just @fnﬂuvlz))7cpsBdA or (A
nvz/bw 1° )dA. Summation of contributions ‘éf all the
elemental area dA will yield the flux at the location of the
sphere due to the sublimation only. The corresponding
particle density Is na‘i(dmxnz/lz ) ) C@ntributions from
éhénne] wall reflection and reemission are not included in

the abeve summation.



APPENDIX H

DESCRIPTIONS OF COMPUTER PROGRAMS FOR
THERMAL ANALYSIS OF THE ERECTING SHELL

lThis program (STRIP) solves for the temperature
distribution around a shell by neglecting the effects of
thermal conductions, The shell divided into JM strips. At
each time step (is fixed by JM), the temperature Is set to
be uniform; however it can be very easily modified for any
initial distribution, The maximum, minimum temperatures and
phase lag at each time step are computed and recorded for
plotting at the end of the computation determiﬁed by TMAX in
seconds.,

Subroutines: ARRAY, PLOT, FORCOM, CURVE,

Functions: FUN, DIFQZ, FH, FN

Compiler: WATFOR

Execution time: 0,7 minute

The complexity of the coding increases significantly by
Including the tangential heat conduction effects, The
coefficients of the difference equation for each strip are
computed and stored in the coeffiecient matrix., The number
of strips, JM, Is preferred to be odd and less than 50, For
each time step, the matrix is solved by Gaussian reduction
method, the reradiative force cemponents, maximum, minimum
temperatures and phase lag are computed and recorded. The

Interaction Is terminated as soon as the NMAX (<200) time
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steps or the steady state has been reached, The stored
informations are plotted out and the steady state
temperéture distribution is expanded numerically Iinto
Fourler sine and cosine series, The approximate analytic
results are computed for comparlison,

Subroutines: RECOIL, FORIT, RGRAPH, PLOT,

ARRAY, CURVE, APPROX, SIMQG
Function: SINHR
Compiler: WATFOR, FORTRAN G

Execution time: 1.5 minute

By considering the radial heat conduction alone, the
partial differential equation remains one dimensional.
However, for each time step, the equation has to be solved
as many times as JM (number of strips). The difference
equation for each concentric layer yield a tridiagonal
matrix which are stored in AA and solved by the fast matrix
factorization method, The surface temperatures are plotted
out occaslonally both In rectilinear form and in polar form,
The maximum, minimum, and phase lag for the internal and the
external surface are plotted out every 100 time steps,

Subroutines: OUTPT2, STRIP, MATFAC, PHASE, MAXMIN,

ARRAY, PLOT, CURVE, DIFQ2, POLAR

Functlions: FUN, SINHR

Compller: WATFOR

Executlon time: 3 min./100 time steps
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This program is relatively simple, The coefficients in
the partial differential equatlion are computed first. The
average temperature is solved by system subroutine RTWI
(using the Weigstein's method). Then the coefficients for
the sixth order algebraic equation are computed. The six
roots are solved by another system subroutine POLRT, The
numerfcal value of the analytic eptimum spin expression |is
’htse calculated,

Subroutines: RTWI, POLRT
Functlions: FCT, FCN
Compller: FORTRAN G and H

Execution time: 0,3 minute
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APPENDIX |

SPACE CURVE TRACED BY CONIC-PARTICLE
BEAMS ON CYLINDRICAL TUBE

The equation for a conic surface Is obtained by
rotating a stralght line about an axis. This conic surface
can describe the sublimation from a tube Inlet,

A line In X-Z plane is

Z=x*tan8-h«tanf
The surface generated about x=h is

2 2 Z 2

Z=tan 8((x=h) +y)
The equation for a cylindrical tube is

2 z 2

x +y =R
With the abeve relatlons, the parametric equations for the
spéce curve of Intersection are

2 =2
x=(R =t)/2h
y-(Rz - )/z
-1

Z=(h2+t) /gtane

where t is the parameter
These three equations yield the ccordinates of a point on

the space curve of intersection,

In this case, the reemission 1is originated from the
tube wall, The conie surface

(R-x)zsténZE((z~z,f +yz)
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comes from the revolution of the line
R-z=Z-z_)tan®
Where (R,0,z,) is the apex of the cone and @ |is the
ingle between the generating line and the 2z axis, The
eylindrical surface of radlus R is
x*+y2aR’
The resultant parametric equations for the space curve of

intersection are

Z= tyzf Zo
2 ol 2 2 2
(R=x) =t#tan8-(x-R )tan 8
1,
yt(R2~x2)/;
Agéin, t Is the parameter, This result 1is wuseful for

computation of the fate-probability of reemitted particles,
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APPENDIX J

DESCRIPTIONS OF COMPUTER PROGRAMS FOR
THERMAL ANALYSIS OF THE MICROTHRUSTER

Since the temperature on any mesh peint at any time
step depends only on the temperatures of previous time step,
The transient solution is obtained by marching-out in time.
However, due to sublimation, the extreme mesh always
decreases In slze, As soon as the numerical stabllity
criterion is vielated, the mesh net is rearranged. Toward
the end of sublimation, the rearrangement will introduce a
Iérge disturbance. Also, the time step has to reduce
frequenly to Insure stability. The surface and the bottom
temperature and the fuel thickness are displayed graphically
by PLOT,

Subroutines: OUTPT1, CURVE1l, ARRAY, PLOT

Function: G F

Compiler: WATFOR

Exeqution times 2.5 min,

Unlike thé expllclt} method, the temperature
distributioen in the fuel at any time bhas to be solved
simultaneously, Since the coefficient matrix is
trldlagenalp a fast matrix factorization method is adepted.

lThé initial temperature distribution is arbitrary set te be
linear, The method Is numerically stable for’any mesh size,

However, tewardqthe~énd, the mesh net has to be medified to
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two~point difference, A temporary disturbance did show up
In the surface temperature. As usual, the results are
plotted out.
Subroutines: MACFAC, OUTPUT, CURVE1l, PLOT, ARRAY
Compller: WATFOR

Execution time: 2min.

vlb the énalysis of a}subliming microethruster, due to
the eyl indrical symmetry, the temperature in a chepped cone
microthruster is a function of r and 2z, The physical
problem is best described by the following diagram, Figure
Jol., The presence of sublimation, which invelves both heat
and mass transfer, prevents the temperatures from reaching
steédy state. To apply the AD! technique, the coene cyl inder
Ils divided inte convenient mesh as shown In the
cross~sectional diagram. Difference equatiens implicit in
r-direction are required for each row as well as similar
difference equations implicit 1in z-direction for each
column, The dlagram shows that there are only 13 distinet
difference equations for each direction (i.e,, temperature
at other mesh point can be expressed by one of the 13
equations). Their formulations are strictly based on energy
balance (first law of thermodynamics) and with proper care
ne problem should arise for difference equatiens in the
center reglon,

The general heat conduction Is Q==K#S*D» 2T, For

rectangular mesh S*D Is 0.5A/2ax (note: D is depth, $=0.5*cot®

206



, where 0 Is the angle subtended by the heat flow path
(28)).

The temperature at any mesh point can be described by
one of the 26 (2+#13) difference equations, At each time
step, the temperature distribution in the plane is obtained
by solving the temperature in the line repeatedly until the
plane Is covered. The direction of the lines alternate for
eheh time step, The representative temperature profile |s
shown In Figure J.2. The Ilteration in z-direction is
performed in  Subroutine ZITER and the iteration In
R=direction is performed in Subroutine RITER.

Subroutines: RITER, ZITER, MATFAC, PARAS, PARAD,

-RADFOR, CURVE

Function: SUBM

Compliler: WATFOR

Execution time: 1/3 real time
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FIG J1 SCHEMATIC OF CHOPPED
CONE MICROTHRUSTER
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F;Q J.2  Numerical Display of CONADI Jalution
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APPENDIX K

DESCRIPTION OF COMPUTER PROGRAMS FOR
RAREFIED GAS NON=OBSTRUCTION FACTOR

Aftg}-inlfializaffen éf’the necessary parameters, the
retatfve amplitudes for all angular groups in the spherical
cosine are computed and stored, then a probability 'table'
for reemltted molecules is constructed, Now, molecules
leéving the poelint sources are traced successively,
Symmetric properties are utilized in order to save execution
time whenever poessible. The molecular collision effects are
estimated by calculating the molecular flux and density in
the channel first and then approximated the fate of the
coll ided molecules, Finally, the fate of the adsorbed
molecules are computed with the aid of the probability
"table’, The total exit molecules to the initial inlet
molecules ratio is the desired mass non-ebstruction facter.
Subroutines: ANGP, COLISN, XY, MOLCOL, DELAY, REEMIT,
XYZ3, ITER, TABLE, RGRAPH, XYZ2, XATER,
RFLUX, DFLUX, REFLET, BISRCH, SCATTER,
CONE

Compiler: WATFOR

Execution time: 1 min,

The basic technique Iin this program Is essentially the
same as the previous ene, However, the molecular <collision

option Is reb]aced by the subliming surface reflection and
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the thrust coefficient. Also, the mesh cone is divided inte
many equal azimuthal segments which are different in the
eylindrical case where the mesh cone is divided according to
the Intersection of the mesh cone with the wall ring segment
rings. For 90" cone angle (i.e,, cylinder), the result .can
check against those of previous calculations,

Subroutines: HIT, CONREF, CONCON, ANGPR, CONCEN,

BISRCH, CONEMI
Functions: CNITER, CENTER
Compilers: FORTRAN G, H and WATFOR

Execution time: 0.7 min,
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APPENDIX L

SUBLIMATION PRESSURE
In caleulating the sublimation heat flux or mass flow,
the pressure term always arlses. The pressure depencence on
temperature is derlved below., The free energy changes s
constant for both the solid and the gas phases at
sublimation for small changes in P and T, therefore
dG=V,dP~S,dT=V.dP=S_dT
or dP/dI=4S/AV P
If the latent heat of sublimation iIs H,, 2S5 is simply¥,f
Hs/T, Assuming the ideal gas law, the following apprexlmatléa
can be obtained.
dP/dT=H./( TaV)
=Hs/TVy
dP/(PdT)=H</ (RT)
dinP/dT=H/(RT")
InP==(H, /RT))+C
Pmexp (Hs/pT +cC ) ==10ﬁ~3/T
This Is the common pressure-~temperature relationship for

sublimatien. A and B are empirical constants.,
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APPENDIX M

NOMENCLATURE
-==gubl imation constants

--=astronomical unit (radius of earth orbit)

===Pec

-==K/R"

~==gpeed of light; heat capacity

wm=(= €T ap)

-=~diameter

=~£l,eos¢/4r

=== (~H; [T/ (17 . 182r))

,-=Rjﬂs/¢r; mass flow rate

~==angular momentum

-==heat of sublimation

-=-—moment of inertia

--=gsplar constant (heat flux)

~==specific impulse

~-=thermal conductlvity; Boltzmann’s constant
~==non-obstruction factor

===channel length

~==gubl Iming fuel helght

-==particle mass

~~=molecular weight; temperature amplitude factor
-==moment or torque component in i-direction

-==particle density; neutron
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P

m

q
@'
R
Rlys

o

===pressure; momentum

--=heat source

==~heat flux

-==alpha range

--=¢ylindrical radius

--=radlelsoteopic heat flux

~~~speeul§k reflection coefficlent

===time

--=temperature; kinetic energy

--=-average temperature

-==particle speed

-==-molecul ar weight

-==~avaporation coeffecient; alpha particle; absorptivity
-==reflection coefficient; speciflic heat ratio
~~~d|ffuse reflection coefficient
===emissivity

-==density

-=-=Stefan-Bel tzmann constant; molecular cross-section
===precession

===max imum temperature phase lag

-==angle between flgure axis and the sun-1ine
--=spin rate; angular speed of body

-==minimum temperature phase lag

-==angular speed of body axes

~~-=mean free path; decay constant

wm-l,cos¢/(24r1gﬁg)
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~°-(ecf
2, 4 2 3
-==K /R +8KE€7/(R Ar)Taus
""A/ﬁf;
~==minimum temperature pelnt from the twilight

--=positlioen of strip on the shell
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LISTINGS OF SOURCE PROGRAMS

The computer codes developed for the present
studies were all programmed wusing the FORTRAN=1V
l’aéguagvz‘o Except for the Optimum Spin Rate program, all
codes have been successfully run under the WATFOR
compller, However, the present FORTRAN G and H
complilers have shown difficulties to accept the codes
which are usually not optimized. They contain some
redundent statements left over during debug-period. The
listing of the codes and some sample data are Included
in the original thesis on file in MIT Library, All
codes were punched by the IBM 029 key punch and they

were run on the IBM 360/65 processor.,



